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ABSTRACT

Resuits of investigaticn on the effects of nuclear radiation on semiconductor
materials, device surface layers, and devices are discussed.

Opti+al studies revealed that low-iemperature red luminescence in GaP doped
with {Zn, 0} or (Cd,O) arises either from recombinaticn of electrons at neuiral
Cd-0 (or Zn-0) complexes with holes trapped at Cd (or Zn) acceptors, or from de-
cay of excitons at Cd-O {or Zn-O) complexes. The temperature dependence of in-
tensity and time-resolved spectra i the red luminescence was mvestigated and
showed that bound-exciton emission becomes dominant between 60° and 120°K. Aa
explanation is offered for the accompanying large changes in the speciral ard time-
decay characteristics.

Axn 2nalysis of the model for radiation-induced positive space-charge buildup
in 9102 layers is presented and the predictions compared with results obtained on
commercial MOS-FETs. Trap levels in Sio, layers were investigated using thermo-
luminescence and thermally stimulated glow curve techaiques. Coso—gamma radi-
ation introduces five trap lerels in SiO2 layers. Oxide layers in commercial MOS-
FETs showed a high densitr of inhe-ent electron traps. Platinum-silicide/silicon
Schottky berrier diodes with "guard-rings" were found to be unaffected by up to
108 rads of ionizing radiztion and 10!° n/cm2.

Recombination and trapping mechanisms in neutron-irradiated silicon diodes
were studied using open-circuit fcrward-voltage recovery and reverse-bias
capacitance voltage characteristics. The results are interpreted in terms of iso-
iated defect and clustered damage models.

The effects of fast neutrons on the dc and microwave.characferistics of "nearly-
abrupt” X-band avalanche diodes are reported. Above 1019 n/cm® significant im-
provement in device behavior was observed.
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EFFECTS OF RADIATION ON SEMICONDUCTOR MATERIALS AND DEVICES

i. INTRODUCTION

The studies discussed in this report were carried out in three general areas:

1. Recombination mechanism- at defects in compound semiconductors
through the use of optical spectroscopy.

2. Radiation-induced space-charge buildup in the SiO2 layers of planar de-
vices and trap levels in these layers using glow-curve techniques.

3. Effects of fast neutrons on silicon junction devices.

The work discussed in this report is, in many respects, a continuation of the
work reported in the final report of contract AF19{628)-4157 (AFCRL-67-0068).

In the study of recombination in semiconductors, we have emploved optical
luminescence to determine defect properties and recombination mechanisn.s oper-
ative at defects. This report contains the results of investigations on p-type, Zn-
and Cd-doped GaP materials which promise to be important red phosphors. This
luminescence was originally chosen for study becausc initial observations strongly
suggested that the center responsible for ‘he luminescence involved a natural va-
cancy in GaP. This model was not confirmed by later studies, but the work dir
lead to the f{irst reported observations of a new recombination mechanism involving
interimpurity recombinations between a neutral acceptor and a charged inert trap.
The research on p-type GaP was divided into two parts: the first part was aimed
at establishing an understarding of the low-temperature luminescence properties,
the second part aimed at extending this understanding for temperatures up to 300°K.
A wide rangc of techiiniques was brought to bear on the problem including: the study
of lunfinescence time decay and time-resolved spectra as functions of temperature;
the temperature and doping dependencies of the intensity spectra; Zeeman splitting
and isotopic substitution experiments; and luminescence excitation experiments.
Section I of this report describes these studies and the conclusions that can be drawn
about recombination mechanisms in p-type GaP.

Section II of this report deals with surface effects of radiation on semiconduc-
tor devices; in particular, the problem of radiation-induced space-charge buildup
in the SiOz layers of silicon pianar 4devices. An analysis of the charge buildup pro-
cess is presented which predicts the dependence of this buildup on radiation dose,
dose rate, and the bias applied across the oxide layer during irradiation. The pre-
dictions are compared wich results found on commercial MOS-FRETs.
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Experiments were performed to study trap levels in SiO2 layers in an attempt
to gain a more fundamental understanding of the charge buildup process. The
technique of thermoluminesceiace glow curves was used to study the effects of
Coﬁo-gamma radiation on trap levels in thermally grown SiO2 layers. The effects
of high-temperature annealing on these traps were also investigated. The results
were compared with those from a study on commercial MOS-FETSs using thermally-
stimulated current-glow curves and have lead to a better understanding of the space-
charge buildup process and of the thermal annealing of this space-charge as well.

A model is proposed which explains the thermally stimulated current observed to
flow through an irradiated MOS structure.

The effects of ionizing radiation and fast neutrons on a new type of Schottky-
barrier device are described. This new structure has a P-N junction guard ring tc
eliminate the "edge effects' which degruade device characteristics in a radiation en-
vironment. The effect of ionizing raciation on the density of surface states at the
metal-semiconductor interface is also described.

Section III of this report is concerned with the effects of fast neutrons on sil-
icon junction devices. The first part of this section describes some preliminary
experiments to characterize recombination and trapping mechanisms in neutron-
radiated silicon PvN, PN, and PIN diodes using two techniques: (1) open-circuit
forward-voltage recovery and {2) reverse-bias capacitance-voltage measurements.
Measurements of devices irradiated over a wide range of temperatures are described
and their results are interpreted in terms of isolated defect and clustered damage
models.

The second part of Section III is cevoted to a study of neutron effects on ""nearly
abrupt" X-band avalanche diodes. These microwave oscillators and amplifiers are
being widely employed in military systems and their radiation sensitivity is of much
interest. Both dc and microwave measurements were made to a total neutron flu-
ence of 1016 n/cmz. Surprisingly enough, microwave-device behavior was found
actually to improve at nigh neutron fluences. The improvement in device behavior
in terms of device structure is discussed.
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L OPTICAL PROPERTIES OF ZN-O AND CD-G COMPLEXES IN GAP

2. INTRODUCTION

The observation of luminescence arising from the recombination of electrons
and holes at defects in semiconductors offers the experimenter the possibility of
deducing many important characteristics of defects. Although most of the research
in this direction has been concerned with cheinical impurities, it has become appar-
ent with the discovery of radiation-induced defect luminescence that the properties
of such recombination centers may also be obtained. The recent work of Yuknevich
et al.,'* and Spry and Comptongwho have studied the radiation-induced luminescence
from the A center in silicon, exemplifies this possibility, However, the precise
recombination mechanism which is operative in this case is not yet clear. Ina
previous paper® we demonstrated that this information is crucial to the proper inter-
pretation of experiments which are based on the use of semiconductor statistics
appropriate to the model of the recombination. The optical studies described there
also showed that significant data on the properties of nonradiative radiation damage
centers can be obtained through their perturbation of the recombination spectra due
to other luminescence centers in the same crystal.

Closely allied to radiation-induced defects are natural defects involving
vacancies which are incorporated during the growth of crystals. Luminescence
associated with such defects is also well known., For a time, it was believed that
the red luminescence in p-type GaP containing Zn or Cd acceptors was related to
an intrinsic defect, possibly the phosphorus vacancy in GaP. Other investigators
of this luminescence had suggested that it arose from donor-acceptor pair recom-
bination involving isolated Zn or Cd and O; however, proof that O was involved was
never convincing. For exampl:, crystals grown without the deliberate addition of
O to the melt usually exhibited the red luminescence. On the other hand, much of
the initial data was consistent with a model for the recombination center of an un-
charged electron trap formed by an acceptor and nearest neighbor phosphorus
vacancy.

The studies reported here showed that the luminescence mechanisms were
complex and that the red bend was actually composed of two bands, The high-energy
band has a very striking series of phonon peaks which strongly suggest a vibrational
local mode of a heavy atom. Zeeman gplitting experiments, lifetime measurements,

*References are listed on page 128
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and the observation of a Cd isotopic shift in the zero phonen line of spectrum all
pointed to a complex defect containing an acceptor with an axis of symmetry along
the <111> direction. Prompted by the work of Morgan et g.l.‘ who were performing
similar studies, further experiments were done which confirmed their finding of an
O isotope shift in the sharp lines of the high-energy band. This forced us to con~
clude that complexes formed by nearest ne.ghbor Zn-G and Cd-O pairs were instru-
mental in causing the red luminescence so that the acceptor-vacancy model had to
be abandoned.

3. SUMMARY OF RESEARCH

The stucdy of the red luminescence in GaP divided naturally into two parts:
(1) The identification of the centers and recombination mechanisms operative at
low temperatures (<=20°K) (described in detail in Attachment I); (2) The study of
these mechanisms at higher temperatures (described in detail in Attachment II),
Brief summaries of these studies are given below,

At high excitation levels (or short delay times in time-resolved spectroscopy),
a high-energy, bound exciton red luminescense band is observed in GaP(Zn,0) and
GaP(Cd,0). In Cd-doped GaP, the bound-exciton band displays a no-phonon doublet
line replicated at 7-meV intervals to lower energies by a distinctive series of sharp
phonon sidebands. A similar though less distinctive series of phonon replicas is
seen in Zn-doped material but the zero phonon line is not visible, At weak excitation
levels (or long delay times in time-resolved spectroscopy), a low-energy pair band
is observed. In neither material does this band show any structure., The bound-
exciton and pair bands are shown in Figure 1(a) of Attachment I. The fine structure
present in the bound-exciton spectrum in Cd-doped GaP made possible a wide range
of experimental observations.

The doublet nature of the no-phonon line and the temperature dependence of
the relative intensities of its member lines are immediately reminescent of the
spectrum from isoelectronic traps.’ In these, a doublet arises from an exciton,
bound ai an uncharged trap, decaying out of two states; the more energetic transition
corresponds to an allowed transition while the lower energy transition corresponds
to a forbidden transition. The exact analog to the present case was confirmed by
Zeeman splitting experiments on the no-phonon doublet. The symmetry of the
Zeeman splitting also showed that the defect has an axis of symmetry in the <111>
direction, Decay-time measurements showed an exponential decay and a tempera-
ture dependence of the decay time which was consistent with the model of an exciton
bound at an inert trap. Isotopic substitution experiments, first involving Col114 and
Cd110 and later O18 and 016 showed that both Cd and O are present near the trapping
center,
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The low- and high-energy red-luminescence bands always occur together and
have similar shapes; this result indicates an intimate relat:onship between the twe.
Decay-time measurements and ime-resolved spectroscopy proved very valuable in
investigations of the low-energy pair band. They showed that while this band has a
very long, non-exponential decay, it does not, like regular donor-acceptor pair
spectra, shift to longer wavelengths with increasing time delay. These measure-
ments, by separating the low- and high-energy bands completely, provided an ac-
curate value for the energy separation of the bands in both Zn- and Cd-doped crys-
tals.

This experimental data suggested the fcllowing model. [Refer to Figure 1(c)
of Attachment I.] Electron traps are envisaged to arise from the formation of com-
plexes consisting of nearest neighbor Cd-O or Zn-O pairs. When electron-hole
pairs are created, the electrons become trapped in the short-range attractive poten-
tial of these complexes. The holes are either trapped in the resulting couiomb field
or on any (compensated) ionized acceptors. The bound-exciton band arises from the
decay of the electron-hole pairs bound at the Cd~-O or Zn-O complexes, while the
pair band arises frou. the recombination of electrons at Cd-O or Zn-O complexes
with holes on distant Cd or Zn acceptors. There is no coulomb interaction energy
term involved in this transition, which explains the absence of any change in shape
of the low-energy baiid as the red luminescence decays. The variable separation
and consequent variable overlap of the hole and electron wave functions are entircly
analogous to regular donor-acceptor pair spectra, so that the overall time decay
is non-exponential and long. The model accounts very satisfactorily for the relative
energy positions of the bands.

The luminescence decay-time measurements of the bound exciton, when com-
bined with absorption measurements in Cd-doped GaP, estab..shed that the concen-
tration of Cd-O complexes is a few times 1016/cm3. Later experiments showed
that the concentration of these compiexes could only be explained by a preferential
pairing of donors and acceptors. The residual concentration of oxygen in GaP is
1()17/cm3 and deliberate doping with oxygen through the addition of Ga203 to the
melt does not greatly increase the O content of crystals.

When an understanding had been obtained of the low temperature properties
of the red luminescence in Zn- and Cd-doped GaFP, experiments were performed
which were designed to provide an understanding of the red luminescence at higher
temperatures.

In this study, the spectral positions of the bound-exciton and pair bands and
their time decays were determined as functions of temperature. The positions of
the overlapping bands were determined by time-resolved spectroscopy and changes
were correlated with corresponding changes in the decay-time characteristics.
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hese measnrements showed urneguivocally that ai high temperatures the bound-
exciton transition dominates over the pair emission.

A theory which accoums both qualitatively and graatitatively for the high tem-
perature resalts in Zn-doped material was deveicped. The theory gives only quali-
tative agresment for Cd-doped material, for reasons which zre explaired. The
theory was based spon the 2ssumption of a thermal equilibrium distribution of holes.
The dominence of the bc nd-exciion trapsition at high temperatures is basicaily due
to the much larger trans. «on protability o this transition alcag with the conse-
geeaces of thermal equilibrinin, which m=zintains the population of holes in the
exc:ion-hole state 2t high temperatueres. The theory alsd accounts ifor tke various
complicated sample- ang excitation-deperdent effects which are observed.

Absorption and luminescence measarements in Zn-doped GaP skhox that the
concentratisa of Zn-0 complexes contintes to rise 25 the accepior coacentration is
increased above that corresponding to meximum luminescence efficiency. However,
concentration quenchion of the luminescence eveatizaliv occurs ofisetting any large
iccrease in the lumine. .ecce efficiercy.

In the higher tempe:ature stedies, we required that samples b2 strongly excited
by ar electron beam at inlermediate temperaicres between £.2° and 300°K. 3izny
samples had to bz 2ppraised and usu2lly these samples were irregularly shaped,
britile, and small. No commercially made éewar presentiy available is suitable for
such stedies. A dewar was designed specizlly wiih the present opliczl shrdies in
mind.* It is 2 single-reirigerant dewar emploving the forced convection of cold gas
to obtain sampl2 temperatures in the range 12° to 300°K. 1t features quick cool-down
time, the opticn of fast thermai cyclirg, the 2ificient removal of heat from small
irregularly shaped samples mounted strain free, the atilify 0 change samgles
easlly, and thermometry isolated irom the sampie irradiation chamber.

*The design and constructior of this dewar was funded by another contrac{. Be-
cause of its use in these studies, the description of it is included in this report
as Attachment L
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. RADIATION-INDUCED SURFACE EFFECTS

4. RADIATION-INDUCED SPACE-CHARGE BUILDUP IN MOsS STRUCTURES
a. Introduction

Ionizing radiation causes a positive space-charge accumalation in the SiO2
layer commonly used in Si planar devices. These devices, which employ Si()2 lay-
ers as 2 means of surface passivation, suffer degradation as a result of this space-
ciharge buildup — hFE and ICBO degradation for bipolar transistors and turn-on
voitage shifts for unipoiar MOS-FETs.' Recently there has been a considerable ef-
fort made to understand the radiation-induced charge-buildup process with the re-
sult that we now have a reasonably good semiquantitative understanding of the
phenomenon.””

The in‘erest in this problem stems from the combination of the need for de-
vices thai are suitzbly radiation tolerant and the increasingly widespread use of
planar cdevices and techniques — particularly in the area of integrated circuits. In-
creased use of plarar integrated circuits means, of course, an irncreased use of
surface passivation layers such as Si02. The purpose of this portion of the report
is to analyze the presently accepted model of the space-charge buildup process to
determine how various factors will affect this buildup, and ther to compare the an-
alysis with observations made on the SiO2 lavers found in commercial MOS-FETs.

b. The Space-Charge Buildup Process

1. Qualitative Discussion. Zaininger® has proposed a simple model which
explains qualitativeiy some of the observed features of the space-charge buildup.
As shown in Figure 1 the oxide layer is part of a metai-oxide-semiconductor (MOS)
structure across which a potential difference, VG,‘ is applied. (VG is considered
positive when the metal is positive with respect to the Si.) Ionizing radiation pass-
ing through the oxide creates hole-electron pairs. The holes are assumed to be
reiatively immobile and are thus trapped cr recombine with electrons before they
can leave the oxide. The elecirons, on the other hand, are mobile and, as a result,
drift toward the positive electrode. Some electrons are thus removed from the ox-
ide and, since the Si is unable to supply electrons to the SiO2 (because of a large
potential barrier at the Si-SiO, interface), a net positive space-charge, QR’ builds
up near the Si-SiO2 interface. As the positive space-charge grows, the electric

*A glossary of terms for Section II is included in Appendix A.
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Figure 1. Model of space-charge buildup
process in an MOS structure
exposed to ionizing radiation.

field, E, in the oxide between the space-charge and the positive electrode decreases.
When the field in this region is reduced to zero, no further charge will accumulate
unless VG is increased. It is apparent then that QR is positive, that it saturates
with increasing dose, and that the saturatior value, QR(sat), will depend on VG‘

QR will induce negative charges in both the Si and metal electrodes. When the ir-
radiation ceases and the electrodes are shorted (VG = 0) the net charge in the Si sur-
face, QS, and the net charge in the metal, QM, will both be negative and their sum
equzl in magnitude to QR, i.e.,

Speth and Fang® and Grove and Snow* have proposed similar models which re-

late quantitatively Qn(sat) to the bias applied across the oxide during irradiation, V..
R G

These models do not, however, explicitly discuss the charge buildup process in a
quantitative way.

2. Quantitative Analysis. The model for the charge buildup process pre-
sented in the previous section is a rather simple one and may, for this reason, yield
to a straightiorward analysis. In this section ar expression will be derived for QR
(or what 1s more useful, AV, the voltage shift of the capacitance-voltage (C-V) curve
for an MOS capacitor, which is the quantity actually observed) as a function of radi-
ation dose. It will be assumed that the oxide layer is uniform in all necessary




> R A

properties and initially free of any space-charge. Factors such as contact potential
difference and the effect of radiation on the fast states at the SiOz—Si interface will
be ignored.

Consider the situation iliustrated in Figure 2. The potential Vi across the
cXxide gives rise to an electric field, E, which is uniform throughout the oxide and
of magnitude VG/ Xo. The effect of ionizing radiation is to g%ner:;.te hole-electron
pairs uniformly throughout the oxide at a rate of g pairs cm™” s™~. The effect of
the electric field will be to drive electrons toward the metal and holes toward the Si.
Goodman® has shown that the mobility-lifetime product for holes in SiO2 layers is
approximately an order of magnitude smaller than for electrons and thus we will
assume that a significant concentration gradient will be set up only for the elect-
trons. It is shown in Appendix B that the free electron concentration gradient, a(x),
will reach an equilibrium given by

n(x) = g7 [1 - exp ( —xﬁ)] @
\“o
where

provided diffusion is neglected and there has been no appreciable accumulation of
space-charge to alter the field E.

Si Si0, METAL
- +
Vs
—E
\-n(X).o=IO t
gt

X} <gT n{Xx)=qT
NET NO NET TRAPPING

TRAPPING OF HOLES

OF HOLES

o

_— e e — — | ————
»
o

Figure 2. Initial conditions in the SiO2 layer of an
irradiated MOS structure.
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The form of the expression for n(x) is shown in Figure 2 for a = 10. The
quantity a is the ratio of the thickness of the oxide to the distance an electron will
drift in time 7. I VG = 0 then a = < and n(x) = g7 everywhere in the oxide. Exper-
imentally, it is observed that some space-charge accumulates when VG =0, pre-
sumably as the resuli of diffusion of electrons out of the oxide or as the result of
a built-in field in the oxide. However, the amount of space-charge accumuiated
when VG = 0 is relatively small so it will be assumed that the net trapping rate is
proportional to g7 - n(x), i.e., there is no net trapping of holes in the region in
which n(x) = g7. Since n(x) is least at x = 0, the net trapping rate will be greatest
near the S5i0y-5i interface. Furthermore, since it is observed experimentally that
the space-charge accumulates almost entirely in the small fracticn of the oxide ad-
jacent to this interface,"9 it appears that 10 is a reasonable estimate for a, i.e.,
that n(x) = g7 throughout most of the oxide. As a result, no charge is accumulated
in the bulk of the oxide and the electric field is uniform in this region (the region
between the space-charge and the anode) at all times. As the space-charge builds
up, the field in the bulk of the oxide decreases. When sufficient charge collects, E
vanishes and no more electrons drift out of the oxide intc the metal electrode.

si $i0, METAL
- 0, (¢
- E %
Pix,t)
Q_(1) '
L N J
) d Xg X
QS(""
Q = v, ®

Figure 3. Situation in the SiO, layer at any
time during irradiation.

At any time, t, the density of trapped holes in the oxide, P(x,t), is greatest
at x = 0 and decreases to zero at some distance d from the SiOZ-Si interface, see
Figure 3. We may write
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d
Qilti =4 Plx, t)dx 3)
3 0
4
: c
b Xo -
Q.(t) = -¢ Pix, t)dx 4)
0 (o]
d
Q@ =-a | & Plxdx (3)
0 ©
The expressions for Qs(t) and QM(t) are valid when the irradiziion has ceased and
VG = 0. We may also write
t
QR(t) = - f Jdt (6)
0
where J is tnhe current density due to elecirons crossing the Si02-metal interface.
J = qgu7E(X,) (7
it is shown in Appendix C that
d
E(X ) = -E I X P(x, t)dx (8)
0 ‘{o €€, Xo
Combining (3), (6), (7), and (8) we have
d t d ]
f P(x, t)dx = f A-B f xP(x, t)de Gt ©)
0 c 0
where
A gu‘rVG
%
and
B = _q&ll
- EGOXO
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Differentiating (9) with respect to time and -earranging we have

d r
[ l°_3’(§tz.i + BxPx, 1) - Am(x)] dx=6 (10)
R C
0

where m(x) is an arbitrary function of x subject to the restriction

d
f m(x)édx =1 (11}
0

For (10) to be true in gzneral the integrand must be identically zero. It may easily
be shown that the equation obtained by equating the integra.d of (10) to zero yields

V€€ . 1

Px, 1) = -G 2B |1 _ o (M)J (12)
q X €e X
oo
The voltage shift, AV _(t), ‘or Vs > 0 of the MOS C-V curve is given by
. d

Qg -aX Xy-x

av, == —2 %— Plx, tax (13)
ox € 0 0

or using (12)

av, [ = -Vg J(x )m(") [1 exp\eqe‘“gt)] dx (14)

From (14) it is immediately apparent that since the generation rate, g, appears
only in the product gt, AV _(t) will be the same for a given number of hole-electron
pairs (gt) regardless of the rate at which the pairs were generated (g); in other
words, AV +(t) is dose-rate independent.
It is also apparent from (14) that AV +(t) will sawurate for large values of t:
d
lim AV, (t) = AV (sat) = -V |X, | 2% ax-1 (15)
teco X
0

We have postulated that the space-charge is due only to the trapping of holes and
hence, for (12) to be physically meaningful, we must have m(x) =0 for 0 =x =d.

d
When this restriction is coupled to (11} it is apparent that f m}éx_) dx
0
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will have its minimum value when m(x) = § (x-d), i.e., when the space-charge oc-
curs in the form of a sheet of charge at x = d. Under these conditions

d w
m g - 1 o(x-d) 4 -1
x dx d dx d
0 0
/XO
and AV (sat) . = -Vg (d_ -1

Hence, for the general case we may write

AV (sat) = -V /2}&—1 n=1 (16)
+ G k d > U=

Since we know from experiment that X >3 d, (16) predicts that the magnitude of the
voltage shift at saturation will be greater (in general much greater) than the bias
applied across the oxide during irradiation. .

For VC- < 0 the same basic charge buildup process should occur except that
the accumulation will take place close to the metal-Si02 rather than the SiOz-Si
interface. In this case the space-charge is further removed from the Si electrode
and hence will have less effect upon it. The net result should be a smaller voltage
shift for the same amount of space-charge accumulation. We can develop an ex-~
pression for the voltage shift for VG< 0, AV_(t), quite simply by imagining the Si
and metal electrodes to be interchanged in the case discussed above. Hence,

Qu®  [Qg( + Qg

COX COX

AV (1) =

d
or AV () = - Cif P(x, t)dx - AV (t) (17)
ox
0

where we have used (1) and (3). By combining (12), (14), and (17), and remember-
ing to change the sign of VG to conform to our convention of signs, we have after
simplification:

d

AV ) =Vs | m [1 - exp (ﬂ"_f}’;g_tﬂ dx (18)
0 \EGO 0
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It is apparent that the space-charge buildup for VG < 0 is also dose-rate indepen-

dent and that AV _(t) is negative and saturates with increasing irradiation.
At saturation, (18) yields
d
m(x)dx = VG
0

AV (sat) = VG

(19

It is interesting to note that AV _(sat) is independent of the actual space-charge dis-

tribution in the oxide.

There is a special case worth discussing which arises if we assume that the
density of trapped holes at every point in the oxide has the same devendence ou ir-
radiation time. Such an assumption is clearly an oversim; lification but it leads to

a simple and rather useful result. Under this assumption we may write
P(x,t) = f(x): h(t)

and then (10) becomes
dh(t)

3t + kgh(t) = rg
where
d
qur f xf(x)dx
0
k =
d
eeoXO f f(x)dx
0
and

uTVG

[d

X f(x)dx
0 "0

The general solution of (21) is

h(t) = = [1 - exp {-kg!)]

i
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(21)

(22)

(23)
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Combining {13), (20), and (23), we obtain for this case

AV (1) = -V 1 - exp (-kgt)]

The voltage shift for VG< 0 can be found from (17) to be
AV_() = Vg [t - exp (-ket)]

f(x) = e"*/C. Under this assumption (24) becomes

¢. Experimental Procedure

(C-V) curve of the MOS structure of which the 5i0, layer
ient MOS structure is found in commercial MOS-FETs.

substrate capacitance of a few picofarads.

15

d
X, f f(x)dx
0

d
f xf(x)dx
0

-1 (24)

(25)

If we assume 2 specific form for f(x) then (24) can be simplified further. Snow
E_t_a._l.’ have shown that at saturation the space-charge density should decrease ex-
ponentially with distance into the oxide from the SiOz—Si interface. We will assume
(as an approximation) that the density has this form at all times and choose

XO
&V, = -V (22~ 1 [1 - exp (-ket)] 26)
where k=3T ¢ = x >¢ (27)
€€o X, o

As implied earlier the most convenient way to monitor the space-charge
buildup in an SiO2 layer is to observe the voltage shift of the capacitance-voltage

is a part. A very conven-
These devices are avail-

able with different oxide types and with both n- and p-type Si subsirates. For the
studies reported here the Raytheon RN-1030 and Fairchiid FI~-100 MOS-FETs were
found to be the most suitable, The RN-1030 is a p-channel enhancement mode de-
vice with a Au-Cr gatc 1200A thick, 1600A of deposited SiOZ, and an n-type sub-
strate. The source and drain are arranged in an interdigitated geometry. The o
FI-100 is also a p-channel enhancement mode device. It has an Al gate with 1200A
of thermally grown Si()2 on an n-type substrate. Both devices have a gate-to-

The (C-V) curves of the MOS-FETs were obtained with an automatic curve
tracer (employing a Boonton 71A L-C meter) at a measuring frequency of 1 MHz.
The source and drain connections to the devices were left open during measurement.
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It was found experimentally that there is a variation in radiation sensitivity
among devices. It is, therefore, not generally possible to make a meaningful quan-
titative comparison Letween the results obtained from two devices even though they
are the same type and raade by the same manufacturer. The procedure followed in
these experiments was to irradiate a device under one set of conditions, anneal the
device, then irradiate it again under a new set of conditions. For the RN-1030 de-
vices an anneal at 300°C for one hour at zero bias was found to be sufficient to re-
move virtually all the radiation-induced space-charge even in devices which had re-
ceived doses of several megarads of Coso-gamma rays. Furthermore, devices
irradiated a second time under the same conditions used in the first irradiation
showed good reproducibility of results. i.e., after an anneal a device has no mem-
ory of a previous irradiation. In most cases the FI-100 MOS-FETs did not anneal
completely in one hour at 300°C. Generally these devices were annealed for longer
times at somewhat higher temperatures.

The C-V curves of the irradiated MCS-FETs showed both hysteresis and dis-
tortion which increased with increasing radiation dose but which appeared to be
relatively independent of the bias used during irradiation. Both pherumenon indi-
cate the creation by the radiation of fast interface states at the SiOz-Si interface.
These states are not part of QR and are not included in the analyses discussed in b.
of this section. It was observed experimentally that if the C-V curve tracer was
stopped at any voltage value the capacitance value decayed with time to a value mid-
way between the two branches of the C-V curve. Furthermore, the same equilibrium
value of capacitance was reached from either branch of the C-V curve. Accordingly
the voltage shift of a C-V curve was measured using a point midway between the two
branches.

The distortion of the C-V curves was greatest in the inversion regime. At
the flat band condition, where AV was measured, the distortion was not large enough
to cause appreciable error and was therefore ignored.

d. Experimental Results

1. Space-Charge Buildup as a Function of Radiation Dose. The voltage shift
of the C-V curves of both an RN-1030 and FI-100 MOS-FET as a function of dose is
shown in Figure 4 for devices irradiated at +2.5V bias, and in Figure 5 for de-
vices irradiated at -2.5V bias. All irradiation were performed using Coeo-gamma
rays at a dose rate of approximately 102 rads/s. In order to make a quantitative
comparison between the results shown in Figures 4 and 5 and the analysis dis-
cussed earlier we will make the most realistic assumptions we can consistent with
mathematically tractable equations; namely, we assume P(x,t) = f(x)- h(t) and that

16

[y UV ————



f(x) is of the form e'x/ €. It is more convenient to work with radiation dose than
time, t, or number of hole-electron pairs, gt, and hence we will rewrite (26) and
(25) as

AV, (D)= -aVG(l - e'BD) (28)
aV_(D) = w1 - e D) (29)

D is the dose in Mrads. We have seen that in general y should be unity. From (26)

X A
- (_0 .
a-= ( < 1) (30)

If it is assumed that ~25 eV (approximately 3 times the energy gap of Si02)
are required to create a hole-electron pair in Si02 then using the definition of the
rad (100 ergs absorbed per g} it may be shown that the number of hole-electron
pairs, gt, created by a dose D is given by

gt(pairs/cm3 in Si02)= 6. 7x10%% D{Mrads)

Using this conversion factor and (27) we have

p=6.1x10% W £ e X, (31)
o “o
a and vy in (28) and (29) may be obtained directly from the saturation values

of AV in Figures 4 and 5. The values so cbtained are listed in Table 1. As ex-
pected from (16), a>1. However, y <1 in contradiction to (19). This point will
be discussed in more detail later. From (30) it is possible to obtain the ratio c/X0
and subsequently the value of ¢ since Xo is known for the devices used. Values of
c/X0 and ¢ are included in Table i The values (gf ¢ given in the Table are consis-
tent with the findipg of Snow et al. and Zaininger who find the space-charge is lo-
cated within<200 A of the 5i0,-Si interiace. Since ¢ K X, We are justified in using

(31) for 8.
TABLE 1
Oxide Parameters for Space-Charge Buildup
Vg = +2.5V Vg =-2.5V
¢ B BT B 'yg
o “Fo (&) Mradh @%v) Y (Mrad™) (m%/v)

) RN-1030 12.5 0.074 120 0.10 5xi0~1®
16

FI-100 21.0 0.045 54 0.125 1x10°

0.79 21  ox1071%
0.37 31 axi10~M4
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For VG = 2.5V, B may be obtained from a semilog plct of (28) rewritten in
the form

av, (D)
CIVG

-gD

-

=e (32)
B for V; = -2.5V may be obtaineq in 2 similar way from (28). The semilog plots
for +2.35V and -2.5V bias are shown in Figures & and 7 respectively. For both
polarities cf bias, the graphs are not straight lines; 8 is initially large then

3~
-y 425V
B O RN -1030
e FI-100

C ot 1 . ) i 1 14
0 S 10 15 20 25 30

DOSE {MEZGARADS)

av (D) .
Figure 6. Semilog plot of |1 - ——— as a fuaction

aVG
of dose for an RN-1030 and FI-100 MOS-FET
irradiated at +2.5V bias.
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Figure 7. Semilog plot |1 -

as

decreases as the dose increases. Apparently our assumption that P(x,t) = f(x)- h(t)
is not strictly valid. The reason for the failure of this assumption may be made ap-
parent from a simple qualitative argument. Referring to Figure 2, n(x) is initially
as shown with a ~10. As the space-charge begins to collect in the region 0 <x <d
the field in the bulk of the oxide, 1<x = XO, will decrease and in so doing cause

n(x) to change. Although equation (2) will no longer be valid, the result will be sim-
ilar to that for an increase of z in (2), i.e., the widt of the region in which n{x) < g7
will decrease. Succeeding increments in the space-charge will occur closer and
closer to the SiOz-Si interface. Thus, the center of gravity of the space-charge will
move closer to the SiOz-Si interface with increasing dose. In terms of cur postu-
lated expcnential form for the space-charge, ¢/ Xo and, hence, B should decrease
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with increasing dose. In (32), ¢ is also a function of c/Xo while y which appears in
the corresponding equation for AV (D) is not. For this reason, the departure from
linearity is more pronounced for +2.5V bias than for -2.5V bias. The values of 8
obtained from the straight line portions of the curves in Figures 6 and 7 are listed

in Table 1.

indicated in the Table for the p7 product. For Vg = -2.5V the value of c/Xo for
+2.5V was assumed and tkis assumption may be responsible, at least in part, for

the very large difference between the u7 values for the two bias polarities. ¢/X

} Substituting the values of c/Xo and g from Table 1 into (31) yields the values
1 0
1

may, in fact, be considerably larger for VG< 0 in which case y31) would yield a
smaller value fer prn.  There is no way of determining c,’Xo from the measurements
discussed here; etching experiments for VG < 0 similar to those referred to earliers’
may show whether c/XG is larger for this case. However, it is unlikely that c/Xo

is ~200 times greater for space-charge accumulation at the SiOZ-metal interface.

and part of the discrepancy must arise from a real difierence in the properties of

the oxide at the two interfaces. The yr product as calcalated from (31) should re-
flect the properties of the oxide in the region ¢f space-charge accumulation, and

TR GTE T

hence y7 must he smaller at the SiOz-Si interface than at the SiOz-metal interface.
Cne might intuitively expect this tc be the case since the mismatch between the Si
and SiO2 and, hence, the disorder responsible for lowering the pur product will be
greater than that between the metal and Si0y. The values of y7 given for VG = -2.5V
are probably closer to, although somewhat less than, the value for bulk oxide. The
values are thus consistent with the value ~10'13m2/V reported by Goodman® for
much thicker oxides.

2. Dependence of Charge Buildup on Bias. The analysis of the charge
build-up mc "21 presented earlier predicts that AV should depend strongly on the bias
applied across the oxide during irradiation. Figures 8 and’9 show the voltage
shift of MOS capacitance for a single RN-1030 device irradiated with Coso-gamma
rays at ~-102 rads/s for bias values between +10V and -15V. For VG < 0 a relatively
small dose was required to reach saturation at each bias value. For VG >0, on the
other hand, the dose required to reach saturation is very large. (See Figure 4.)
Because of the long irradiation times involved and the small chance that a device
would survive several irradiations to such high dose levels and the subsequent an-
neals, it was decided to stop the irradiations for VG >0 at ~4 Mrads. For this dose
level, B has become reasonably constant (Figure 6) and hence we may employ (28).
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Figure 8. Voltage shift as a function of dose for an RN-106350
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Figure 9. Voltage shift as a function of dose for an
RN-1030 MOS-FET for negative bias values.
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From Figure 8 it is observed that a charge buildup occurs at OV bias. This
buildup may result either from a built-in bias across the oxide as might arise {from
the contact potential difference between the metal and Si electrodes or from diifu-
sion of the electrons out of the SiOz. The analysis presented earlier ignores both
these effects and is thus not valid for VG = ~0OV., The curve for OV is shown in
both Figures 8 and 9 and a comparison shows that this curve clearly belongs with
the set for Vg > 0, indicating perhaps that a built-in voltage corresponding to posi-
tive polarity on the gate is responsible. For the FI-100 the curve for OV bias is
more of a compromise between the sets for the two polarities; this compromise
suggests a smalle: built-in potentiai than for the RN-1030.

Figure 10 shows the voltage shift at saturation for V G< 0 and at 4 Mrads
for VG >0 as a function of Ve for the curves shown in Figures 8 and 9. At 4 Mrads,
AV+(4) should be~2/3 AV+(sat). (See Figure 4.) The curve for VG ~ 0 thus has~2/3
the slope of the curve for saturation but should have the same shape. AV+(4) ap-
pears to be linear with VG for smaller values of VG in agreement with (28). (The
slope should be ~2/3 [(XO/ c) - 1].) This linearity implies that at saturation, c is
not a function of VG - a fact which has been tacitly assumed in using (28). At higher
vaiues of VG the siope decreases; this indicates a reduction in Xo/ ¢. Such behav-
ior is not unexpected. As Vg increases, QR(sat) will increase causing an increase
in both the density of electrons in the Si surface and the electric field at the SiOZ-Si
interface. This electric field can be extremely large - possibly large enough te
cause significant field-assisted tunnelling of electrons into the trapped-hoie sites
close to the Si. This effect will change the shape of the distribution of QR(sat) in
such a way that the effective value of ¢ will increase causing Xo/c to decrease.

(See Figure 11.)

Figure 10 also includes some points for FI-100 MOS-FETs. The points shown
were obtained from several different devices and hence may only be used to indi-
cate the general behavior of this type of device compared to the RN-1030. For
Vg >0 the curve seems to be similar to that ior the RN-1030 but with a steeper
slope. The same change in the shape of the QR(sat) distribution for larger values
of VG probably occurs in this device as well.

For V5 < 0, AV (sat) appears to be linear with Vg for the RN-1030 with a
slope close fo unity as expected from (19). For the FI-100, on the other hand, the
slope of the curve is considerably less than unity. This observation cannot t ¢ ex-
plained as the result of a variation of ¢ since we have seen from the analysis given
earlier that AV (sat) does not depend explicitly on the shape of the space-charge
distribution. It can be explained very simply, however, if we follow Stanley® and
assume that, in this case, electrons as well as holes are trapped in the oxide. For

23

Fonab takif i e ake tean e tn



(T Yo% vy

——

Y

=4AV_(sat) |—AV,{(4)
(voLTS)

' O RN-1030
. ® Fi- 100

&t ke

P herc.

AL

-15 -10 -5 ) +5 +10
Vg (VOLTS)

FRPRF

e

Figure 10. Voltage shift at saturation for
VG< 0 and 4 Mrads for VG> 0

for an RN-1030 and FI-100

MOS-FET. !
1 =€ ———————— 5i0, .
A 3
3
:
@ B
w
g’ WITH TUNNELING Figure 11. Distribution of radiation
w induced space-charge in 4
N Si0, with and without ]
= WITHOUT TUNNELING tunnelling at the Si0,-Si ;
2 interface. ‘
u -~
° ;
INCREASE IN EFFECTIVE C E
| ,
1 -
0 - ;

24

0t CT T VIVINEIRAL S

U ki

okl el e Attt O St

— e e e ety




the simple situation shown in Figure 12 in which holes are trapped uniformly over
a distance dz at the Si02-metal interface and electrons are uniformly trapped over
a distance d; at the S5i0,-Si interface it may be shown® that

/ 2Qg 4
aV_(sat) = Vg \1 e g d %o J (33)
+ -—

/

From (33) it is apparent that a slope of unity for AV (sat) vs V; is a limiting case
which occurs for QR = 0, i.e., no electrons trapped in the oxide. For all other
cases the slope is less than unity. Using {33) it is possible to estimate the amount
of negative charge required to produce the observed reduction in slope for the
FI-100 devices. If we substitute AV (sat) = 1/2 Vgand d; ~dy~ XO/IO in (33), we
obtain Qg = QR+,/40. Thus a very small amount of negative charge trapped at the
Si0,-8i interface will greatly reduce the voltage shift for VG < 0.

3. Location of Space-Charge in the SiOg Layer. It was mentioned earlier
that it has been shown experimentally that the space-charge accumulates in a nar-
row region very close to SiOz-Si interface for VG = 0 during irradiation.”® For
VG < 0 during irradiation, it was postulated that the space-charge accumulated next
to the Sioz-metal interface. The results presented in the previous sections appear
to agree quite well with predictions derived from this assumption. Nevertheless,
this agreement does not constitute conclusive proof. More direct evidence of the
correctness of the model was obtained by the method illustrated schematically in
Figure 13.

Si $i0, METAL
%+
— dl :‘—
0 ] Xg X
I
{
Qg l

Figure 12. Simplified model of space-charge
buildup at saturation when
electron trapping occurs at the
SiOz-Si interface.
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V>0, (c) and (d) Vo< 0.

The gate-to-substrate MOS structure of an RN-1030 MOS-FET was connected
in series with a 2V bias and a Keithley 5104 electrometer (ammeter) as illustrated
in Figure 13(a). The MOS structure was then exposed to Coso—ga_mma radiation at
a dose rate of ~102ra.ds/ s. The conventional current flow observed in the circuit
was -1.8x 10'9A (corrections were made for leakage currents in leads, etc.).

Note the polarity of the meter. The situation in the MOS structure is also illus-
trated in Figure 13(a). The space-charge buildup, Qg, occurs near the Si0,-8i in-
terface when the applied electric field, E, is as shown. After an exposure of ~40
minutes (~2.4 x 105 rads) the bias source was removed from the circuit, see Figure
13(b). The field in the oxide is now controlled by QR and will thus be reversed. As
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expected the current in the circuit reversed. The direction of current flow through
the oxide thus appears to be a sensitive indicator to the general location of the
space-charge.

The experiment was repeated this time with the bias reversed, see Figure
13(c). The current {low was in the direction expected. After an exposure of ap-
proximately 40 minutes the bias was removed and the current was observed to re-
verse indicating a positive space-charge buildup near the SiOz-metal interface, see
Figure 13(d).

4. Dependence of Space-Charge Buildup on Radiation Dose Rate. RN-1030
MOS-FETs were irradiated at bias values of +4,. 6V, 2.5V, and OV at a high- and
low-dose rate. The cevices were first irradiated at a dose rate of *102 rads/s
using Coso-ga.mma rays. After irradiation, the devices were annealed and then
irradiated again, each device at the same bias as before, this time at a dose rate
of *1010 rads/s using 20 keV electrons. It was estimated, using the dose-depth
curves of Schumacher and Mitra'®, that each incident electron deposited 4.6x10~
rads in the SiO2 layer of the MOS-FET. (The electrons stopped in the 8102 layer
have a negligible effect on QR.)

The voltage-shift curves as a function of dose are shown in Figures 14 and
15. For bias values of +4. 6V and +2. 5V the curves at the two dose rates coincide
within experimental accuracy for doses up to 1 Mrad, the maximum dose used in
these experiments. This result is in agreement with the predictions made from
Equation (14). The prediction of dose-rate independence was based on the assump-
tion that g increased linearly with dose rate. This assumption is probably reason-
able although at high dose rates a situation may be reached in which the fraction of
the incident electron energy used to create hole-electron pairs will change because
other mechanisms by which the electrons lose energy may become important.

Dose-rate independence also requires that the u7 product be constant with doce
rate. At very high dose rates the quasi-Fermi levels in the SiOz may shift suffi-
ciently to influence the density of effective recombination centers and unfilled traps
in the oxide and hence alter the lifetime or the mobility of the carriers. Botk holes
and electrons could be affected and without a detailed knowledge of the recombina-
tion centers and traps present in the oxide it is impossible to predict the effect of
high dose rates. However, neither of these two effects seems te occur for VG >0
and dose rates up to ~1010 rads/s.

At VG = 0 the situation is quite different. For a given dose the voltage shift
is approximately twice as large for the higher dose rate. The analysis which pre-
dicts the dose-rate independence is not applicable to this case, however, since it is
based on the drift of electrons through the oxide and neglects diffusion. A possible
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Figure 14, Voltage shifts as a function of dose for lowand
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Figure 15. Voltage shifts as a function of dose for low and
high dose rates for bias values of = 2,5V,
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mechanism for space-charge accumulation for VG ~ 0 is diffusion of electrons out of
the oxide. This process will increase with an increase in the density of free elec-
trons in the oxide, g7, i.e., with an increase in the dose rate.

For VG = -2.5V the voltage shift saturates at ~-~2.5V at the low dose rate as
predicted by (15). At the high dose rate, on the other hand, the voltage shift is
small for low doses but increases to a value considerably greater than -2.5V as the
dose approaches 1 Mrads. This anomolous behavior cannot be explamned in terms
of the model discussed earlier. A comparison of the curves for OV and -2. 35V bias J
at a high dose rate shows that these two curves are almost identical. The similar-
ity suggests that the cause of ihe anomolous behavior may be difusion. Thus, at
high dose rates there may be enough diffusion of electrons across the SiOy-Si in- ;
terface to create a significari positive charge near the Si. This space-charge, even
though it may be considerably smaller than the space-charge at the other interface, 3
would be much closer to the Si and would have virtual control of the voltage shift. ;
At high dose rates then, the voitage shift at negative bias values may be approxi-
malely the same as for OV bias.

Abrnaie las,

Dose rates approaching 1011 rads/s were investigated, also using 26 keV
electrons. At these dose rates it was found that the conductivity of the oxide be-
comes large enough that VG may drive appreciable current through the oxide. If
VG is a high impedance source (zJ.O6 ohms) the potential difference across the oxide
may drop significantly with the result that less space-charge is accumulated.

2. Summary

The simple model used for the positive space-charge buildup assumes that
the holes produced by ionizing radiation are trapped in the oxide while some of the
corresponding electrons drift out of the oxide under the action of the applied poten-
tial difference. The analysis of this model predicts (1) the charge buildup should
saturate with dose, D, approximately as (1 - e'B 0 ), (2) that the buildup at satura-
tion should increase linearly with bias for both polarities of bias, (3) the buildup
should depend on the dose absorbed but be independent of the radiation dose rate.
The agreement between the predictions of the analysis and the experimentally ob-
served buildup in SiO2 layers in commercial MOS-FETs is generally quite good.
However, to obtain quantitative agreement it was necessary to assume a much lower
value for the mability-lifetime product for electrons in the oxide for VG > 0 than for
Vg < 0. Furthermore, for some experimental observations it was necessary to
postulate that a small amount of electron trapping also occurred in the oxide, and
for others that diffusion of electrons at high dose rates may be important. The
model appears to be of general validity since the results for two oxides prepared by
quite different methods (deposited for the RN-1030 and thermally grown for the
FI-100 MOS-FETs) are quite similar.
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The general apglicability of the model is due to the fact that it does not require
a detailed knowledge of the hole (or electron) trapping process. Conversely, the ex-
perimental resulis can tell us little about the traps themszives. However, i we are
10 reduce or eliminate the radiation-induced space-charge buildup in suriace passi-
vation layers such as SiO2 it is important that we obtain 2 more detziled knowledge
of the traps. Such kmowiedge will require that new techniques bz employed 1 con-
junction with those discussed here.

3. RADIATION-INDUCED TRAP LEVELS IN Si02 LAYERS
a. Introduction

The model ‘or space-charge buildup presented :n the previous sectionassumed
the preserce of hole traps in the Si02 layer. Fortenately, an upderstanaing of this
buiidup process did not require a detailed knowledge of these tri.ps. However, i
this type of space-charge accumulation is to be fally understicod and ultimately con-
trolled we will need to have more information 2bout these traps. In particular, we
should like to know the depth, capture cross section, location, densityand origin
of such traps.

The C-V technique by itself can at most tell us the magnitude and iocation of
a net space-charge in the oxide layer. Other techniques are required to cbiain the
additional information. Thermoluminescence giow curves and the closely related
thermally stimulated current glow curves have been used extensively to study traps
in many materials including quartz. This technique is, in principle at least, rela-
tively straightiorward and can be made to yield quantitative results for trap depth
and capture cross section.

The purpose of the experiments described here was twofold. (1) To deter-
mine whether this method could, in fact, be used with thin insulation layers such
as the thermally grown S1O2 used m planar devices and (2}, if the methed was suc-
cessful, to study the effect of Co -gamma radizticn on 5102 layers.

_13. Thermoluminescence Glow Curves

The basic physical processes involved in thermoluminescence glow curves
are illustrated in Figure 16 for a simple case of a single electron-trap level situa-
ted B, below the conduction band and a set of recombination centers containing
trapped holes’’. The probability, p, that a trapped electron will escape and enter
the conduction band is given by

E}
p=1exp |- k’;) (34)
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An electron which enters the conduction band will either be retrapped or recombine
with a trapped hole. The extent of reirzpping v i1l deperd on the relative ¢ross sec-
dens of the traps and recombdination centers. I 2 photon is emitied during the re-
combination process the emptying o 2 trap can be observed viz the accompaaying
luminescence. Furihermore, the intensity of the luminescence can bz usci 2s 2
measure of the rate at which the traps are emptying.

According to Eguation (32) the probability of escape caa be increased by in-
creasing the temperature. In glow-curve work, it is cusiomary *0 increase the
temperature linearly with time. Since p depends exponentially on T, the rate of
irap empiying will increase s1th increasing temperature, giving a corresponding
increase in luminescence. However, the pogulation of trapped electrons will be
steadily decreasing and, therefore, at some temperature the irap emptying rate
{and, hence, the lumineszence) will reach a maxirnum value; thereaiier, the rate
will decrease toward zero as the number of trapped electrons is oxhausted. The
curve of luminescence intensity, I(T), as a function of temperature is referred to
as a glow curve.

If the traps empty with negligible retrapping of electrons then the recombina-
tion kinetics are monomolecular and it can be showr - that I(T) is given by

E
KT)=Cn, fexp {- (35)
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The form of this expression is iflustrated in Figure 17. Note thal the curve 1s not
symmetrical about the peak temperature. T*, but has a tail to the low ten..crature
side.

If, for ar electron in the conduction band, there is an equal probability for
retrapping and recombination, probability for retrapping the kinetics becone bimo-
lecular and the expression for I{T) becomes’':
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This expression is also illustrated in Figure 17. For bimolecuiar kinetics, the
shape of the curve deperds on the initial amount of trap filling (“td, Nt) and tenés to
be more symmetrical about the peak temperature. For the case in which retrapping
_s much more likely thar recombination (the so-called {ast retrapping case) an ex-
pression for I{T) can be also derived!.‘ However, this situation is seldom observed
in practice and will not be discussed further.
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Figure 17. Shape of glow curves for cases
of no retrapping (monomolecular
kinetics) and retrapping
{bimoiecular kineticsj.

If glow curves such as those shown in Figure 17 could be obtained, then in
principle it should be possible to cbtain the values of Et and f (and hence St) for the
correspondlag electron traps. In practice, the glow curves obtzined experimentally
are not 1solated peaks which can be described by Equation 35 or 36. Rather, they
are composed of several overlapping peaks to which 1 is difficult to assign a speci-
fic type of recombination kinetics. Various methods have been proposed for extrac-
ting information from these curves: Two oif the simpler methods will be discussed
briefly.

For both Equations 35 and 36, it is easily seen that for small values of (T-To)
the integral in each equztion may be neglected and I(T) is then proportional to
exp (-Et/kT). Hence, for the initiai portion of a glow peak the slope of a plot of log
I(T) against 1/T yields the value of Et' This method of "initial rise' proposed by
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Garlick and Gibson'® has the advantages that it is simple to use and is valid regard-
less of ihe recombination kinetics involved. Furthermore, it does not involve a
knowledge of f. The method has its limitations, howaver 3 and is difficult to use in
cases of several overlapping glow peaks.

A second method due to Gressweiner? is valid for the case of m. 1tomolecular
kinetics. Grossweiner showed that to a good approximation Et is given by

_ L5 kT'T .
By = —seop— By >20kT 37

T' = temperature at half peak i I(T*)/2] on the low temperature side of the
peak, see Figure 17.

The same approximation yields
T'b exp {E,/kT* .
=§__( t __),£>1o‘ (38)
2 THT=T) b
Note that { depends exponesntially on E, znd hence 2 10% error in E, will lead to an
error of an order of magnitude in f.

The above discussion has been ba<cd on the situation illustrated in Figure 16
in whici: it was assumed that electrons were released from traps to recombine with
more deeply trapped holes. it should he pointed out that the roles of the elecirons
and holes could be interchanged with ro changes required in ihe preceding discus-
sion. Furthermore, there is nc way of telling, on the basis of glow curves alone,
whether holes or electrons are released during the thermoluminescenc-.

c. Experimental Procedure

The glow curves {o be presented in the following sections were all obtained
using 2 Harshaw model 2000A thermoluminescence dosimeter in ccnjunction with a
Harshaw model 2600B picoam.neter. This instrument will plot a glow curve direc-
tly on an X-Y recorder over the temperature range 3C0° to 700°K. The heating
rate is linear and adjustable from 2° to 25°C/s.

The SiO2 sampies studied were all in the form of ~6000£§ layers on one side
of 0.24 in. square Si chips. The samples included both wet and dry thermaily
grown Si02, deposited SiOz, and thermaiiy grown SiO2 which had purposely been
contaminated with Na.

Coso-gamma radiation {dcse rate ~3.5x10” rads/hr(C)] was used in the ex-
periments for iwo purposes. In one case, it was used as ionizing radiation to gen-
erate nole-electron pairs to fill the traps and recombination centers; it was also
used to introduce damage into the SiOZ layers and thus increase the trap density.

5
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The first step in obtaining a glow curve is to remove any trapped charge in
the sample by heating to a temperature above the range in which the glow curve is
to be taken. In these experiments, this step was accomplished by heating the sam-
ple to the maximum temperature attainable with the Harshaw dcsimeter (~700°K).
Next a background curve was generated on the X-Y plotter over the temperature
range of the glow curve (~300° to 575°K). This curve showed only 2 small back-
ground light output for the sample and planchet in the range 500° to 575°K. The
sample was then exposed to sufficient C060-gamma radiation to fill a significant
portion of the traps, generally a 10-minute exposure. This dose is not large enough
to alter appreciably the density of traps in the samples. If the glow curve was to be
compared with other glow curves then the same excitation dose was used throughout.
Finally a curve was obtained for the irradiated sample and the background curve sub-
tracted to yieid the desired glow curve.

d. Experimental Resulis

1. Radiation-Induced Traps in Si02. Coso-gamma radiation in sufficient
doses can create defects ia solids. It was decided, therefore, ic investigate the ef-
fects of Coeo-created defects on the glow curves of SiO2 layers. A previously un-

irradiated thermally grown dry oxide specimen was investigated first. Glow curves
for this sample were obtained as desgribed previously using an excitation dose of
5. 8x104 rads and a heating rate of 10 C/s. The glow curves, shown in Figure 18,
were taken after accumulated doses of 0.058, 0.69, 4.7, and 8. 8 Mrads. It should
be kept in mind that at each of the accumulated dose levels the SiO2 layer was an-
nealed fo remove any trapped charge. The glow curve was then taken using an ex-
citation dose of 5. 8‘x104 rads to {ill the traps - the same excitation dose was used
for all giow curves. At lower accumulated doses, the glow curve is a broad almost
structureless peak. With increasing Coeo-de{ect concentration, the curve grows
until at 8. 8 Mrads five distinct peaks appear.

The growth of the glow curve shown in Figure 18 is typical of the results
found for the other oxide samples. Carnples that were steam grown, deposited, and
steam grown with Na contamination all exhibited the same five peaks although the
dose at which the peaks occurred ana the relative heights of the peaks varied from
sample fo sample. The sample with Na contamination did not show any additional
peaks in the temperature range 300° to 550°K. After a suificient dose, typically a
few Mrads, the glow curves stopped growing, perhaps indicating either a saturation
of tne density of filled traps or a reduction of the luminescence efficiency. However,
the shape of the glow curves continued {o change with the individual peaks becoming
less and less distinct. More will be said about this point later.
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It was pointed out previously that glow curves alone cannot determine whether
trapped holes or electrons (or in this case beth) are released dur:ng the heating
cycle. This question remains unanswered at present. There are, however, two
conclusions which can be reached at this point. First, the Coso—gamma radiation
does, in fact, introduce traps into the oxide, as opposed to merely increasing the
luminescence efficiency, by creating additional luminescence recombination cen-
ters. If only the luminescence centers were changed by the radiation, the shape of
the glow curve would not be altered, i.e., the five peaks would be present in all
glow curves of Figure 18. Second, since the relative heights of the peaks vary with
dose during the growth of the glow curve and from sample to sample, the five peaks
do not represent {ive levels of the same trap structure. However, two or more
peaks may belong to the same trap structure: Sufficient data is not available to per-
mit further comment.

2. Resolution of the Glow Peaks. Before any quantitative information can be
obtained about the trap levels corresponding to the peaks in the SiOz glow curve, it
is necessary to resolve the glow curve into its components - presumably five sep-

arate peaks. This resolution was accomplished for the steam-grown oxide glow
curve shown in Figure 19 using a "partial cleaning" technique.!' The first step in
the process is the isolation of the peak at the highest temperature -- peak 5. The
sample is first given the usual excitation dose of Coso-gamma radiation but, be-
fore the glow curve is plotted, the oxide is heated in the glow-curve apparatus to a
temperature corresponding to the fourth peak and then immediately cooled to room
temperature. This heating cycle empties the first four veaks and partially empties
the fifth. Subsequently, the glow curve is recorded in the usual way and reveais
only the fifth peak. The process is then repeated, this time emptying the first three
peaks. The subsequent glow curve then contains two peaks (4 and 5) which may be
resolved since the shape of the peak 5 is known. Repeated apglication of the process
yields the other peaks. The method of partial cleaning is tedious and at best orly
moderately accuraie in cases where there are several overlapping peaks such as

the case presented here. Nonetheless, the glow curve did resolve rather straight-
forwardly into the five peaks shown in Figure 19.

The trap depth was estimated for each of the peaks using Grossweiner's for-
mula, Equation (37). The condition E; >20 kT* is satisfied in each case. The irap
depths were also estimated for a different steam-grown oxide by resolving the com-
ponent peaks and using the method of initial rise discussed earlier. The results for
the two methods are listed in Table 2. Except for peak 1 the trap depths as deter-
mined by the two methods agree reasonably well. For peak 1 the accuracy of the
initial rise method was poor and only the value estimated using Equation (37) is
shown.
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Figure 19. Resolution of glow curve for a steam-grown oxide
into five component peaks.
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TABLE 2

Trap Depths and Capture Cross Sactions

Et(eV) f St

Peak Grossweiner Initial Rise s em?
1 0.8 1x101!  3x10716
2 1.1 1.2 3x1014  7x10718
3 0.8 0.9 2x10° 3x10718
4 1.4 1.4 ox1014  1x10712
5 0.9 1.0 3x108 3x10719

The attempt-to-escape-frequency values shown in Table 2 were estimated
using Grossweiner's formula, Equation (38). The condition 1’/b >107 was fulfilled
in each case. The accuracy of the values for E, is ~10% and so the values of | are
correct to the order of magnitude. The values of { for peaks 2 and 4 are unreason-
ably large. The upper limit on { is the frequency of vibration of the atoms of the
SiOZ lattice, ~1014s'1. Values of f are usually observed to be considerably smailer
than this upper limit. It is possible that for these two peaks the recombination kin-
etics are not monomolecular in which case Equation (38) wouid not be applicable.
Comparison of Figures 17 and 19 reveals that peaks 1. 3, and 5 (in Figure 19) have
the low-temperature tail expected for monomolecular kinetics while peaks 2 and 4
more closely resemble the curve for bi-molecular kinetics. The method of initial
rise does, however, confirm the larger values of Et found for peaks 2 and 4.

Capture cross sections for the trap levels were estimated from the values of
f in Table 2 using the relations

f= NcStv
N, = 2 (2nmer/n?) /2
v = / 3kT
m=
For the values of St in Table 2, m* was taken as the rest mass of the electron and
T = T>,

The values of St for peaks 2 and 4 are very large because of the correspond-
ingly large values of f. If peaks 2 and 4 do have much larger capture cross sections
than the other trap levels this fact should be apparent in the filling of trap levels dur-
ing exposure to ionizing radiation. More will be said about this point later.

3. Filling of Trap Levels. Figure 20 shows the glow curves obtained for a
thermally-grown dry-oxide sample for seven different values of excitation exposure
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time. This sample had previously been exposed to sufiicient Coﬁo—gamma radia-

tion to saturate the trap density so that differences among the glow curves should
reflect only differences in the fraction of traps filled by the radiation. Figure 21
shows the integrated light output from each curve as a function of the exposure time.
The traps apparently saturate after a 20- to 30-minute exposure.
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Figure 21. Integrated light output for the curvec of
Figure 5 as a function of exposure time.

if any of the five trap levels had a much larger capture cross section than the

other levels, the peak corresponding to this level should increase more quickly with

dose and saturate at a lower dose level. Within experimental accuracy, however,
the five individual peaks all saturated at the same rate, i.e., the same rate as the
integrated light output shown in Figure 21. This observation is inconsistent with
the capture cross-section values shown in Table 2. Even if the values for peaks 2
and 4 are disregarded peak 1 has a capture cross section three orders of magnitude
larger than peak 5. Such a large difference should be observable in Figure 20.

There is no obvious explanation at present which can reconcile the discrep-
ancy between the greatly differem capture cross sections and the observed filling
of the trap levels. Further experiments may, however, uncover the cause.

4. Effects of High-Temperature Prebaking. It was mentioned earlier that
the glow curves (i.e., the area under the curves) saturate with increasing
Coso-g’amma radiation dose. It was also observed that with increasing radiation
the five peaks tend to become less and less distinct; the glow curve becomes a
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single broad peak with a maximum near 350°K (compare the glow curves of Figures
18 and 20). The effect of high-temperature baking of the SiO2 layers prior to tak-
ing a glow curve was investigated for samples which had shown glow-curve satur-
ation. Figure 22 shows glew curves for a steam-grown oxide prebaked in air at the
various temperatures indicated (all glow curves in this figure were obtained with an
excitation dose of 5. 8x104 rads). The glow curve obtained after a large radiation
dose is labelled 400°C since at this stage the maximum temperature to which the
oxide has been heated is ~400°C. A thrze-hour prebake at 670°C resulted in a
substantial increase in the glow curve at all temperatures. Subsequent prebakes at
818°C and 953 °C also enhanced the luminescence. However, three hours at 1070°C
was found to reduce the glow-curve peak and increase the high-temperature tail
somewhat.

A similar behavior, namely enhancement of luminescence for anneals at tem-
peratures up to 909°C and a decrease for higher temperatures, has been reported
for crystalline quartz'®. The effect was ascribed to an increase in luminescence ef-
ficiency in tne quartz resulting from an increase in crystallinity. The effect ob-
served here inay be due also to an increase in luminescence efficiency. This pos-
sibility is indicated by the fact that a previocusly unirradiated oxide showed a sub-
stantial increase in luminescence output when prebaked at high temperatures even
though it had not received sufficient radiation to increase the trap density
significantly.

The effect of the high-temperature prebaking on the trap levels themselves
was investigated next using the technique of partial cleaning discussed earlier. Fig-
ure 23 shows the results for a steam-grown oxide (an excitation dose of 5. 8x104
rads was used for the curves of this figure). The complete glow curve has a single
peak with : maximum at 353°K. The sample was precleaned to this peak tempera-
ture before the second glow curve, labelled 353°K, was taken. As shown, the peak
of the second glow curve is shifted to ~380°K with no indication of a peak at 353°K.
This resuit indica :s that the original glow peak is due to a continuum of trap levels
rather than to discrete levels. Precleaning in a similar way to the temperatures
indicated ir the curves of Figure 23 indicates that the continuum of states exists
which empty throughout the temperatu.e range 300° to 550°K.

Since the entire glow curve arises from a continuum of trap ievels, the shape
of the original giow curve must reflect the variation of trap density with trap depth.
It may be concluded then that the density of traps decreases with increasing depth.
Nothing can be said regarding the density of traps below depths corresponding to
~353°K, since these traps will normally be empty at room temperature and there-
fore contribute nothing to the glow curve.
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e. Discussion
The tecimique of thermoluminescence giow curves appears {0 be sufficienily
sansitive to stedy trap levels in thin SiO2 Iayers. (It may, therefore, be useful in
the stedy of thin films of cther materiais.) The reculis have shown that “fresh”*
SiJ, layers do not have a great many frars corresp ndipg to the temperature range
300° {0 350°K, (i.e., prior o irradiation, the apparains vsed did rot detect any
thermolominesceace}. However, radiation capable of inirocucing defssts, {such
as Cosg-gmma radiaticn), can introduce z substantial pumber of trap ievels.
In particnizr, CoO-garama radiaticn introduces five discrete levels with depihs
-3 eV. Wifh increasicg radiation dosa, the density of filled traps saturales and the
ciscrste lavals change to a continvum of levels with a high-temperature hake. Bak-
ing at temperainres op to ~980°C coes pot anneal oat the radiaiion-induced traps.

There k235 been 00 repori in the Literatb re of tesrmolnmicescence work on
Si0, lzyers z2lihocgh there have been nemercas pepers dealing with thermolemin-
esceaceandqﬂicalahscrpﬁoainvariwskiﬁsoiqmﬂz.’"a The results are con-
fasierg and oftea conizadiclory, dre in part, 0o Goubt, to the large rumber Gf scurces
ci mainral geariz ang the varisly of metheds of preparing synthetic quariz. Moch
of the work om the trap levels of cuasiz employed opticzal abserpiion mezasurementis
(2 review of this worx is given in Raf. 18). Others used thermoluminescence glow
carves™ % 13 % T 404 found glow pesks in the temperziure raage vsed in these
experimentis. Neoe of these peaks was found 10 be associaied with any impurity
present ia the quartz’®, unspecified defects were usnally postulated 2s the cause of
the asscciated trap levels. No anthor reported observing five pe2ks as cbserved
for the Si0, layers; however, scme investigaticus have reported peaks pear 330°K
dre to a2 basd of trap leveis.'™*

Severzl important questions remair to be answered regarding the SiO2 layers.
The glow curves should be investigated for oxide lavers of various thicknesses to
determine what role, if any, is played by the Si(')2 - Si interiace. H the irap levels
exist in the bulk of the oxide then the magnitude of the glow curves should increase
directly with the volume of the oxide layer. The glow curves shouid be investigated
for lower temperatures, i.e. 77°K to 300°K. Some quartz shows trap levels with
peaks ~150°K. ® These trap levels have been atiributed to the glassy state of quartz™
since they do not appear in crystalline quartz. Low-temperature glow curves may,
therefore, give some indication of the order present in SiOZ laysrs. The spectrum
of the thermoluminescence should also be determined. For quartz, the specirum
has 2 peak at ~3.3 eV with a tzil to lower energies and a cutc;” at ~3.7 eV.'%**

*'Fresh" in this context implies that the SiO2 layers have not teen subjected to the
processing sieps used in fabricating commercial devices.
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The most imporiznt question here is the exient to which the resalls obtaired
for iresh oxide layers can be appiied to the oxide layers found in plarar devices.
The fact that prebeking can a2lier a glow curve very drastically would imply that
processing steps in device manmufacture would alter the trap structure of oxide layers
significanily. It would be a2 relatively simple matier to expose iresk oxidzs {o these
steps apd take the glow curve after each step. Such 2 program may prove very in-
siructive.
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§. THEPMALLY STIMULATED CURRENTS IN YOS STRUCTURES
2. Introduction

it was shown ia Part 5 of this section that teermoluminescence glow cerves
can be usefnl in the stedy of trap levels In Sio, layers. The 'Sioz layers of prime
interest are those found in plzear Si éevices. Unforhinately, the thermolimines-
cance glow-curve technigee caanot be used on these layers. I is necessary, there-
fore, to show ibat device oxides exhibit 2 similar behavipr ander irradialion before
vesulis obtzined on the simple oxidized ¢hips can be applied to device oxides.
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Foriunziely, there is 2 technigre very closely related io the thermolimires-
cerce glow-curve technigre which can be used for oxiéss in MOS siructures and
which ca= be made to yield similar informaticn about the fraps. In place of observ-
ing the light emitied when a carrier released from 2 trap recombines, ihe increased
electrical conguctivity of the material is observed whea the carrier enters the con-
cduction band while passing from the {rap to the recomrbination center. The conduc-
tivity (in th2 form cf 2 current at fixed applied potential) as 2 function of tempera-
ture is reierred to as the current glow curve.

ELY
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b. Procegure

The apparatus used for obtaining current glow curves from commercial A0S-
FETs is shown schematically in Figure 24. The device under test is connected in

cHeadalable v ki Cat el onat did anioite

series with a potential source V and a Keithley §10A electrometer (ammeter). The 3
cutput of the ammeter is connected to the Y input of an X-Y recorder. The TO-18 3
czan of the MOS-FET slip-iits snugly into a copper heating biock which confains a ;

100W Vulcan cartridge heater. The temperature of the device is measured with an
iror-consizanian thermocouple. This thermocouple is ipounted in a2 TO-18 can which
slip-fits into the copper heater block as does the device under test. The thermo-
coupie and device are symmetrically placed with respect to the heater and should 3
be at the same temperaiure. The output of the thermocouple is connected 10 the X :
input of the X-Y recorder. The apparatus was used in the temperature range 25° :
to 200°C. In this range the heating rate was constant at 3.6°C/s.

45




€Tt R T L s T L e L g 0 1o 40 Ao 355 1 o byl 0 s M i o ORI O §

nAk g

Vebwi

| NN

KOS-FET WITH sCOPPER

ITR.O,_L-C’??’STAHTH‘ J !'_'EéTm v
HERWOCOUPLE ZL0Cx
g —

?—! > v 1
Y 1Y < !j—' Y
| I |

VULCAN 1OV

= 615
HEXTER MOS-FET AMUETER
UNDER TEST

Figure 24. Apparatas us2d tc obtain current glow
curves irom MOS-FETs.

The first step in obizining 2 glow curve is to determire the background cuarrent
over the temperature ringe rogeired with the applied bizs to be used. A background
carve for an R¥¥-1030 with a2 bias of =1V (i.e., gate positive with respect to the sub-
strate) is shown in Figere 25. The next step is to irradiate the device to the desired
dos2 2zt the gate bias vale selected and then obfzin a2 secord curve, v rancorrected
glow curve. The urccrrected curve for an RN-1030 exposed to 3.5 x 19° rads at
VG = 0V is showa in Figure 25. Fipally the glow curve is obtained by plotting the
difference between the two previous curves. The giow curve is also illustrated in
Figure 25.

35X 10° rods, Vg =0V

L)
T

UKCORRECTED

-3

- GLOW CURVE

z 3

o BACK-
= GROWAD
32_ VeelY

40 60 80 160 120 40 160
TEMPERATURE (°C)

Figare 25. Background, uncorrected glow
curve, and glow curve for an
RN-1030 MOS-FET.
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c. Experimental Results

1. Dependence of Glow Curves on Applied Bias. The background and uncors-
% rected curves ‘or giow-curve bias values of 0 ard =1V are shown in Figure 26 for
. an RN-1030 MOS-FET exposed to 3.5 x 10° rads in V = OV. Thke device was an-
i 1 realed at 309°C for at least one bour between glow curves 10 remove any Sp~c-
charge brildup remaining frem previcus exposures. The background currents for
21V have opposite signs, 2s expected, while ior 0V the background current is posi-
3 tive and tends {0 saturate above ~180°C. The currected glow cusves are shown in
& Figure 217.

\
T e ot ey Aot v

Two interesting facts are revealed in Figure 27. First, regardless of the
sign of the bias applied, the glow-curve curreat is always nositive, i.e., conven-
tion:l current flows cut of the gate of the MOS-FET. Secoad, within experimental
2ccuracy, the integrated curreat flow (represested by the area v xer the glow curve)
is independent of the bias value used. Jn connection with this second point, 1t sbould
- be mentioned that it was difficult to compare accrrately the integrated current for
= the three cases. As may be seen in Pigure 26 for 0 2nd -1V the two curves do not
' meet at high temperatures as they do for -1V. In some cases, however, the curves
did meet for these bias values, even crossing cccasicnally. The incoasistency of
the background curves makes guantitative measuremeats difficult.
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It is s 2pparert that the current flow in the glow curve is not controlled by
the applied bias. Attempts o increase the glow-curve current with larger bias
values were unsuccessful. For significantly larger bias values, the background
current greztly increased making it very difficult to observe the glow-curve current
which was not increased.

PO

2. Eifect of Bias During Irradiztion. Figure 28 shows threz glow curves
taken for an RN-1630 MOS-FET ior three different vaiues of bias during irradiation,
namely YG = 0 and 22.5V. Fc: each curve the device was irradiated o a dese of
3.5 x 10° rads and the glow-curve bias used was 0V. The C-V shifts for the device
were -0.6V, -6.6V, and -1.6V for bias values of 0V, +2.5V, and -2.5V respectively.

B e R b A o it

, The glow curves are quite similar for the three bias values with the 0V curve
i‘f being perhaps slightly larger in area. The current flow is in the same direction for
k all three glow curves des_pite the fact that the field in the oxide due to QR is in op-
posite directicns for 2.5V bias. The glow curves, therefore, do not appear to be
£ controlled by the positive space-charge in the oxide. Again the current flow is

k- < positive for all three curves. The positive space-charge in the oxide is much
greater for Vg = +2.5V than for Vg = 0V. However, there is no correspondingly
E A - large difference between the areas of the two glow curves. It may he concluded ,
2 then, that the glow curve is not directly related to the radiation-induced space-
charge.
47
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Figure 28. Corrected giow curves for zn RN-1030

exposed {0 3.5 x 10° rads at bias
values cf VG =0 and £2.5V and

glow curve bias of 9V.

It is instructive to compare the charge represented by the area under a given
current glow curve with the radiation-induced space-charge in the oxide as meas-
ured by the C-V curve shift. For the VG = 0V curve in Figure 28, the arez under
the curve corresponds to 4.2 x 10”1 coulombs. The voltage shift, A7, of the
corresponding C-V curve was -0.6V. When we use € COXAV, the density of posoi-
tive space-charge is found to be ~1 x 10_8 coulombs/un:n2 for an oxide layer 1600A
thick. The gate area of the RN-1030 MOS-FET is ~8 x 10”° cm? and, hence, the
radiation-induced space charge is 8 x 10” 13 coulombs — a very much smaller
charge than that represented by the area under the glow curve. It is quite possible,
however, that the glow current originates in the oxide under the entire metallized
area of the Si0, surface, i.e., including the drain, source, and gate contact areas
as well as the active gate area. For this situaticn, a comparison requires an esti-
mate of the fraction of the glow current collected by the gate itself. It is estimated
from the geometry of the RN-1030 that ~8 x 10”12 coulombs of the total 4.2 x 10711
coulombs were collected by the gate. Account has been taken of the fact that the
oxide uzgder the contact areas is much thicker (~5000X) than under the gate area
(~1600A).

The charge represented by the glow curve is for both estimates much greater
than the positive space-charge. Since the glow-curve charge is much larger than
that which causes a shift of the C-V curve, it must exist in the oxide as a compen-
sated charge.

3. Energy Distribution of Trap Levels. The technique of partial cleaning
used in the previous axperiments with the SiO2 layers was applied to the current
glow curves for MOS-FETs to determine the type oi energy distribution for the
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Figure 29. Uncorrected glow curves for an
RW-1030 MOS-FET Sll)WinOg the
effect of precleaning at 50°, 60°,
and 70°C.

traps involved. The results are shown in Figure 29. Four glow curves were ob-
taired from a single RN-1030 MOS-FET using a radiation dose of 3.4 x 105 rads
with VG = 0V and a potential of OV in the glow-curve circuit. As indiczted, one
curve was obtained with ro precleaning. The other three curves were precleaned

for 5 minutes at the temperatures indicated in the figure.

Th2 curves shown in Figure 29 are actually uncorrected glow curves. The
background curves for this device behaved very erratically making it impossible to
obtain meaningful corrected curves. The vertical scale for each curve was arbi-

trarily adjusted to give consistent behavior at the high-temperature end of the curves.

The point to notice, however, is the shift of the glow-curve peak to higher tempera-
tures with increased precleaning. This shift will not be affected by adjustments in
the vertical position of the curves. It may be concluded, therefore, that the current
glow curve arises from a continuum of trapping levels rather than a discrete level
or levels.

It is interesting to compare a current glow curve for a MOS-FET with a
thermoluminescence glow curve for a prebaked SiO2 layer. The prebaked SiO2
layers also exhibit a continuum of trap levels. Figure 30 shows the glow curve for
the oxide layer of Figure 23 and the current glow curve shown in Figure 28 for the
irradiation bias VG = 0V. The curves have been normalized to the same peak height.
Before any comparisons are made, it should be recalled that the heating rate for
the SiO, layer was 10°C/s compared to 3.8°C/s for the MOS-FET. If the heating
rate for the MOS-FET were 10°C/s, the current glow curve would be displaced to
slightly higher temperatures (~15°C higher for the trap parameters reported
earlier).
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Eoth the temperatures of the glow-curve peaks and the shepes of the glow
curves are different indicating differences in trap depths and distribution of trap
density with depth. The shapes and peak temperatures of glow curves depend on the
rec. ubination kinetics involved and on the capture cross sections of the traps (see
Equations 35 and 36). A meaningful comparision between glow curves is thus im-
possible unless the kinetics and capture cross sections are known. If for the curves
of Figure 30 the recombination kinetics and capture cross sections are, in fact, the
same, then it may be concluded that for the MOS-FET the trap levels tend to be
somewhat deeper with a narrower spread of trap depthks than the traps in the Si02
layer.

The traps in the MOS-FET oxide layer are not radiation induced but are pres-
ent inherently in all devices presumably as a result of the treatment received by the
oxide during the manufacture of the MOS-FET. It would be surprising, therefore,
if the two glow curves revealed exactly the same trap levels. Nevertheless, there
is a continuum of trap levels in both cases with depths in the region of 1 eV.

4. Buildup of Current Glow Curves with Radiation Dose. The growth of a
glow curve as a function of radiation dose was investigated using an RN-1030 MOS-
FET. The device was irradiated to various dose levels with VG = 0V, and the glow
curves taken with no applied bias. The device was annealed at 3060°C for one hour
before each irradiation. The glow curves are shown in Figure 31.
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The f2mily of glow curves clezrly shows 2 shift of the glow—corve peaks to
HEgher temperatures with increasing rediaticn dose. This sinft indicales that deeper
ar4 dzeper tr2os are filled as ibe 2moent of trappad ciarge increases. Socch behavr-
ior may be explriced iIn terms of retrapming. Dering irrediztion, any occrpied trap
level m=y be emplied either thermally or by the ionizixg radhation. The shellowest
traps will be exmptied most frecrently, the ézsepest least fregrently. As a resalt
( there will be 2 tendercy for the carriers in the stallowesti iraps to be released and
! then retrapped in Geeper levels. The counterilow of carriers fromx ésep to shallow
traps will be much smaller a2nd the pet resplt wiil be 2 higher proportion of filling
of the deeper traps with increasicg rediation dose. The efiect will b2 observed as
a shiit of giow-curve pezaXk to higker temperatures.

The glow curves were f2ken in the erder of ircreasing dose. Tims, after the

carve for 1.9 x 10" rads, the device had received an accumnlated dose of almost

.6 x 107 rads. The curve for 10° rads was repeated (dasned glow curve) io deter-
mire whether this large 2ccumulated dose had altered the trap levels ip zny way.-
3 Thesecondwn-eforlosradsisshghﬂysmanerinareathantbeﬁrslandﬁepe:ﬁ:
is shiftad to 2 slightly higher temperature (8°C higher). The difference in area is
probabiy rot significant but the shift of glow peak indicates scme increase in the
density of deeper states. Hownver, considering the rather large dose of Coso-
gamma radiation absorbzad, it is surprising that the tras levels showed such a small
change. This result may imply that the density of trap ievels is already sc large
that it cannot be increased. This was certainiy not true for the fresh SiO2 layers.

Al 4 4 -’l. o
c W r——— i e ot 5

Figure 32 shows the area under the glow curves of T:gure 31 pictted s a func-
tion of radiation dose. The arez under the glow curves increases rapidly at first
then more slowly as the dose level passes 5 hMrads. At 19 Mrads it is still increasing,
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Dowever, with no indication of saturation. The space-charge builcup, on the other
hard, sataraies in the range of 10 to 20 Mrads (see, jor example, Figare 20).

3. CGlow Curves jfor Other MOS-FETs. In addition to the Ragtbeon RN-12
w0 otier cemmercial MGS-FETs were investigated vriefly. These devices wer
the Fairchild Fi-100, a p-channel device described in Part 4d. of this section, and
the dotorolz 2N3797. The 2N3797 is 2 star geometry, n—clnn..el device employicg
2 phosphorous treated Si0, layer (1200% thick) and a 12, GODA Al gate.

Both devices vielded curreant glow curves similar to those obtained for the
RN-1030. The background current for the FI-100 with no applied bias was found t0
be negative while tint for the 23797 was positive as reported previocusly for the
EN-1030. Current glow curves for the three devices are shown in Figure 33 for a
radiation dose of 3.4 x 10° rads at Vg = 0V. The giow-curve bias was 0V for all
curves. The glow curves are all positive and approximately of the same shape and
arez. The temperatures of the peaks, however, are different indicating that each
oxide has a slightly diiferent distribution of trap levels. Sach a behavior is not
surprising since the oxides for the devices were prepared in quite different ways.
Although the FI-100 and 2N3797 were not investigated as thorcughly as the RN-1030,

the results indicate that they exhibit the same behavior as the RN-1030. The process

responsible for the glow-curve current is thus independent of the method of prepara-~
tion of the Si02, the device geometry, the metal used for the gate electrode (i.e.,
Cr or Al), and the conductivity type of the MOS-FET substrate.
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AGCS-FET.

6. Apnealire of Positive Space-Charge Durirg Current Glow Curves. Inza
previous report,” isochroazl anpezling stdies ¢n radiation-induced positize space-
charge in MOS struchires were reported. The efiect of bias both during irradiation
ang doring amnezling was investigated. Briefly, it was fournd that 2 substantial frac-
tion cf the space-charge cculd be anneaied rather easily by raising the temperature
to ~200°C. Complete removai of the space-charge, hewever, regquired annealing at
temperatares =390°C for periods of one hour or longer. The annealing process
could not be described in terms of a sirgle activation epergy. Furthermore, anneal-
inrg with negative gzate potentiai produced less recovery then anneals with zero or
positive bias.

VWhen the curreat glow curves discussed inthe previcus sections were ob-
tained, the devices showed a partial annealing of the positive space-charge in the
oxide layer as measured by voltage shifts of the C-V curves. Recoveries ranged
from ~80 percent for devices with small space-charge buildup to ~30 percent for
devices with larger, space-charge accumulations. The amount of recovery did not
appear to depend significantly on the bias used while taking the glow curve.

The correlation between the current giow curves and the annealing of the
positive space-charge, QR, was studied in more detail using a technique which ob-
tained 2 glow curve for the space-charge annealing process. The method is based
on the fact that changes in the turn-on voltage of a MOS-FET, VT (aualitatively de-
fined as the minimum voltage at which a channel is destroyed for a p-channel or
created for an n-channel device), follow the space-charge accumulation in the oxide
in much the same manner as the voltage shift of the MOS C-V curves. Hence moni-
toring VT provides another method of observing QR -~ a method which is useful for
our purposes since changes in VT may be used directly in a circuit which contains
the device itself as an active element. The circuit used in these experiments,
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Figure 34. Circuit used to obtain 2 glow
curve for annealing of QR.

shown in Figure 34, consists of three major elements, the MOS-FET under test, a
P55A Philbrick operational ampiifier (connected in the inverted mode), and a 2N3251
PNP transistor {T1). The operationz] amplifier and the trarsistor form a feedback
loop which controis the gate voitage (VG) of the MOS-FET. V. canbe controlled
over the range 0 < Vg < Eg-

For the experiments discussed here, we want VG = VT. It i+ necessary,
therefore, i0 have a quantiiative definition of VT. in such circumstances VT is
customarily defined as that vatus of VG 2t which the drain-to-source “urrent, IDS’
achieves a predetermined value {ssually very small) for a stated value of the drain-
to-source voliage VDS' in the circuit of Figure 34, VDS = E, since at equilibri* m
the potential drop across the cperational amsplifier input is essentially zero. IDS is
selected through the choice of £ and R,. The feedback lcop will maintain VG at
the turn-on voitage defined by Ing and VDS'

As an irradiated MOS-FET is heated, the space-charge wili anneal and VT
will change. V. and the temperature {i.e., thermocouple output) of the MOS-FET

are recorded as a VT-versus—T plot using an X-Y recorder as indicated in Figure 35.

The heater element used was a standard 6J-watt GE soldering iron with the
tip replaced by a copper fitting into which the MOS-FET can (TO-18) was slip-fitted.
The temperature was measured with an iron-constantan thermocouple mounted in
the copper fitting as cluse to the device as practicable. In the temperature range
50° to 225°C, the heating rate was found to be 2.2 + 0.2°C/s.

The Raytheon RN-1030 MOS-FET was chosen fcr use in these experiments.
The turn-on voltage of a typical unirradiated device is~-1.5V at VDS =-5,0V and
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Figure 35. Turn-on voltage as a furction of
temperature for 0V irradiation
bias.

IDS =10 pa. For these experiments VT was defined as the value of VG for which 3

Ing = 0.35 ma at Vpg = 0.5V. This value of Iy is considerably larger than nor-
mally used in det.ning VT but the choice was dictated by the reguirement that IDS
be large compared to the drain-to-source leakage currents at the highest annealing

temperatures used (~500 °K).

Prior to irradiation, a VT-versus-T curve was cbtained for each device used
so that the temperature dependence of VT could be removed from the VT-versus-T
curves of the irradiated device. The MOS-FET was then irradiated under the de-
sired gate bias condition using Coso-gamma radiation at a dose rate of ~4 x 10°
rads/hr. Next, the device was annealed using the circuit of Figure 34 and the o3
VT-versus-T curve obtained. The VT—versus—T curve for the unirradiated condi-
tion was then subtracted from this curve to obtain the aependence of VT on T due to
the annealing of the space-charge. The slope of the resultant curve, dVT/dT, was
obtained as a function of T by manually differentiating the VT—versus-T curve. A
rlot of dVT/dT versus T yields the desired ''glow'" curve for the annealing process.

btk it L

é Two RN-1030 MOS-FETs were irradiated under a total of three different bias

| conditions. The irradiation information is summarized in Table 3. The curves of

E_ VT as a function of temperature are shown for both devices in Figure 35 for a bias

% during irradiation of 0V. The curves are slightly displaced from each other but ) ,
within experimental accuracy have the same shape. The derivative (dVT/dT) of

] these curves as a function of T is plotted in Figure 36, a single curve (solid line) is
3 drawn through the two sets of points. There is clsarly a pronounced peak at ~380 °K.
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L TABLE 3 E
Positive Space-Charge Annealing Glow-Curve Data :
e k.
; Dose Co2y Bias T
: Device (rads) ) (°K) 3
I 1 2. 0x10° o 380
i 1 2.0x10° -2.5 370 3
g 1 2.0x10° 2.5 355
3 = 1
g 2 2.0x19° 0 380 ;
» 2 2.0x10° :2.5 355 :
4
3 Glow curves were obtained for bias values of 22.5V ir the same way and are 4
‘ shown in Figure 37. The voltage shifts for these irradiation bias values are much
i larger than for the GV bias case. A single curve is drawn through the twe sets of ]
points for the positive bias condition. Again the glow curves show a large single ’;l;
’ peak but at somewhat lower temperatures than was cbserved for tae 0V-bias case.
3 The temperatures of the peaks, T*, are lisied in Table 3.

The method used to obtain the glow curves for the space-charge anneal has the
drawback that the bias applied to the SiO2 laye. during the anneal is constantly
changing to keep VG = VT’ The glow curves will, therefore, likely be somewhat
distorted, particularly for the larger radiation-induced shiits of V’I‘ such as oc-
curred for VG = +2.3V. The glow curves least affected and hence most suitable for

I
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Figure 36. Glow curve of the turn-on voltage
for OV irradiation bias.
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ccroparison with the current glow curves are those for whick VG = OV during ir-
radiatio.. (Figure 36). The current glow curve for Vg = OV shown in Figure 28 is
included in Figure 36 {dashed curve) for comparison purposes. The agreement be-
tween the curves is excellent and indicates that the partial annealing of QR and the
current glow curve are closely related. The slightly different heating rates ior the
two curves should have very little effect on the agreement.

d. Model for Glow-Curve Current and Annealing of Positive Space-Chznge

FTW S S O S WITY,

tytdunedelan

j From the experiments described in the previous sections, the following facts ]
§§ regarding the current glow curve and the accompanying partial anneal of QR have
1 become clear:

P

3 (1) In additior to the positive space-charge, a much larger compensated charge 3
is trapped in the SiC)2 layer. :

{pad.

t (2) One of the carriers of the compensated cherge is trapped in a band of levels
~1 eV from the appropriate band-gap edge.

(3) When the large compensated charge is released thermalily the positive space-
charge is partially annealed.

(4) The complete annealing of the positive space-charge requires longer anneal-
ing times and/or higher temperatures than those used to anneal the compen-

sated charge.
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The model propcsed here is illustrated schematically in Figure 38. In this
case, an MOS structure has been irradiated so that QR accumulates next to the
SiC,-Si interface @i.e., VG >=0V). In the remaining neutral portion of the oxide
there exists a2 large compensated trappad charge. It will be assumed that the elec-
tron traps (shown schematically as a single leval) are shallower than the hole traps
{also shown as 2 single level). This assumption is based on the following argument:
i the holes resided in the shallower levels then during the glow-curve annealing ail
the positive charge should be released and the annealing of the pcsitive space-charge
should be complete. It is observed, however, that the annealing is not complete im-
plyng either a second deeper bané cf hole traps or that the electrons are trapped in
the shallower band with all the holes more deeply trapped. The two-level-hole trap
model will be dropped :n favor of the simpler mocdel shown in Figure 38.

Yhen the irradiated MOS structure is heated, the tranped electrons enter the
conduction band whereupon they either recombine with trapped holes or diffuse out
ci the Si()2 into the metal or Si electrode. The current which is observed to fiow
through the MOS structure requires that electrons be injected into the Si02 layer
ithrough or over the metal—Si02 barrier. This barrier is several electron-voits
high and, therefore, thermai excitation over the barrier may be discarded because
of the relatively low temperatures used. ¥ the SiO2 bands are bent severeiy be-
cause of the presence of a large space-charge in the oxide nzar the metal-SiO2 in-
terface then tunnelling would be 2 possible injection mechanism. However, for ir-
radiations in which VG = 0 there is no appreciable space-charge buiidup neayr the
metal-SiOz interface and no corresponding band bending. Tunnelling may, theve-
fore, be ruled out.
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If the recombination process in the SiO2 layer is a radiative one, as it was
found to be for the simaple SiO2 layers discussed in Part 5 of this section, then
\ photoelectric emission may be considered as the injection mechanism. Thergno-
; - . luminescence in quartz has a continuous spectrum in the range 3200 to 7000A. '>*
The bulk of the luminescence lies in the range 3200 to 45001§ with a peak at ~3800:::.
(hv=3.3eV). I it is assumed that the SiO2 layer produces similar luminescence
then each of the SiOZ interface regions will receive approximately half the light out-
put of the Si02. The two interfaces are not symmetrical, however. As shown in -
Figure 38, the barrier height for the metal-Si02 interface is 3.2 eV for Cr?®
(RN-1030) and 3.2 eV for Al as weil, ®*® (FI-100 and 2N3797). The barrier heights
quotea here are for the zero field condition. A barrier height of 3. 05 eV has been
observed  for a heavily degenerate n-type Si surface corresponding to photoemis-
sion from the Si conduction band. The combination of luminescence spectrum and
interface barrier height appears to favor rather strongly photcemission from the
metal rather than the Si into the SiOz. 3
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Photoemission from the metal is also favored by the quantum yields, i.e.,
the number of ¢lectrons emitted per absorbed photon, found for metals as compared
with Si. The photoelectric yield for electrons from Si into SiO2 has been reported
as (5 I3) x 1073 electron/photon for photon energies of 5.38 eV, i.e., ~1 eV above
the barrier height.n In comparison, quantum yields from Cr into BaO over a bar-
rier height of 1.7 eV have been reported as ~10"° for photon energies of ~5 eV.*
For energies ~1 eV above the threshold, the yield was ~3 x 10'4 electron/photon.
The photoelectric yield for Cr {and presumably for Al as well) is thus significantly
larger than for Si, again tending to make the metal electrode much more efficient
at injecting electrons into the Si02 layer. The net transfer of electrons across the
met'a.l-SiO2 and SiOZ-Si interfaces will thus be as shown in Figure 38. The conven-
tional current flow in the external circuit will be from metal to silicon in agreement
with observation.
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Electrons will continue to be injected into the oxide only as long as trapped
electrons are released. The current should, therefore, reflect the emptying of the
electron traps; in cther words, the current-vs-temperature curve is a true glow
curve. While the current is flowing, more electrons will enter the SiO2 than leave 1
and hence there will be a partial annealing of QR' However, once all the trapped 3
electrons have been released further neutralization of the space-charge must take i
place by some other process such as tunneiling of electrons from the electrodes into
the positive trap sites. These other processes are much slower and account for the . :
difficulty in annealing the space-charge completely. ;
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The annealing process, according to this model will be almost entirely inde-
pendent of the polarity of VG used during irradiation and the bias used during the
glow-curve anneal. For a negative bias during irradiation, the space-charge will
be close to the metza.l-SiO2 interface. However, the electrons will still be injected
by the metal electrode and, as observed, the glow-curve current will flow in the
same direction as for the case VG > 0. Furthermore, for the same radiation dose,
the same amount of compensated charge will be trapped and hence essentially the
same glow curve should be observed in both cases.

The glow curve may depend to some extent on the magnitude of QR. Consider
two cases with the same radiation dose, one with VG=0V, the other with VG=+2. SV.
QR will be much ‘arger in the second case but, because the dose is the same, the
larger value of QR will be the result of fewer trapped electrons rather than more
trapped holes. Hence when the two glow curves are taken, the curve for the larger
QR value (VG= +2.5V) should show a smaller area under the curve. Reference to
Figure 28 indicates that this prediction is fulfilled. For VG = -2.5V, the area under
the curve is also smaller; this fact indicates that‘QR for this bias value is also
larger than for VG = 0V as expected. The difference between the curves in Figure
28 is small, however, and this point should be investigated further for confirmation.

e. Density of Electron Traps

By using the model presented above, it is possible to make a rough estimate
of the density of trapped electrons in the SiO2 layer. For a typical glow curve, we
have seen that the area under the glow curve represents ~4x10711 coulomb or
~2. 5x108 electrons injected photoelectrically into the SiOz layer. If the photoelec-
tric process is ~0. 1-percent efficient’” then ~10° times as many electrons (-2. 5x1014)
must be trapped in the Si02 as are injected over the metal-SiOZ barrier. The un-
certain quantity in the estimate is the volume of 8iOy in which the electrons are
trapped. If only the SiO2 under the gate area is involved then the density is 1020
em . T, however, the active volume also includes the SiO2 under the electrode

contact areas then the density is ~1019 cm™S,

For both cases the density of trapped electrons appears to be very large. In
contrast, an electron trap density of ~3x101 cm™© with a trap depth of =2 eV has
been reported for thermally grown SiOz layers in Au-SiOz-Si structures.” The
thermoluminescence experiments discussed earlier revealed that the density of
traps in fresh SiOz layers is low but that exposure to Coso-gamma radiation signif-
jcantly increased the density. Thus, the relatively low density of 3x1014 cm'3 men-
tioned above is likely valid for fresh oxides but probably much too low for oxides
which have been irradiated or subjected to other treatments such as those used in

the fabrication of planar devices. For the oxide layers in commercial devices, the
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results of Figure 31 indicate that large doses of Coso-gamma radiation have very
little effect on the trap density. One explanation may be that processed oxide lay-
ers centain such a high density of inherent trap levels that irradiation cannot cause
a siganificant increase in the density.
f. Summar
The results reported in this part of the report have clarified the process of
radiation-induced space-charge buildup in SiO2 layers. Both holes and electrons

generated by radiation are trapped and the positive space-charge is the excess of
trapped holes over trapped electrons. The electrons are trapped in a band of trap

levels ~1 eV below the SiO2 conduction band, while the holes are mogre deeply trapped.

This model is considerably different from that proposed by Snow et gl_:' in which only
the trapping of holes is postulated.

When an irradiated MOS structure is heated, the trapped electrons are re-
leased into the SiO2 conduction band and, subsequently, drift out of the oxide or re-
combine with trapped holes. It is postulated that luminescence accompanying the
recombination causes photoemission of electrons from the metal electrode into the
SiO2 layer aliowing a current to flow through the MOS structure and resulting in a
reduction of QR. Complete removal of QR usually requires further annealing at
higher temperatures for longer periods of time. The processes by which the re-
maining portion of QR is annealed have not been identified.

It should ke mentioned that the trapping of both holes and electrens in the
8102 layer of an MOS structure will not alter the space-charge buildup process or
the analysis of this process presented in Part 4 of this section.

7. EFFECTS OF RADIATION ON SILICON SCHOTTKY BARRIER DIODES
a. Introduction

As Schottky barrier diodes are majority carrier devices, their operation
does not depend upon injection, decay, and transport of excess minority carrier
densities; thus, the diodes are not subject to the effects of the degradation of ex-
cess carrier lifetime due to nuclear radiation. However, in a previous study of
irradiated Schottky barrier devices, severe degradation of the device character-
istics was found te occur because of space-charge buildup in the peripheral metal-
oxide-semiconductor (MOS) region with consequent ""edge" breakdown and leak:ge.

It has been demonstrated :scently that improved Schottky barrier diodes with
nearly ideal current-voltage (I-V) characteristics can be made with the use of a
clean junction between the metal and the semiconductor, with improved oxide pas-
sivation, and by the addition of a p-n guard-ring structure, diffused around the
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metal-semiconductor junction. 32 These improved Schottky barrier dicdes have 5
exiremely "hard"” reverse characteristics, i.e., high breakdown voltage and low-

leakage currents; they are comparatle to the best p-n junction diodes. These guard- "-
ring structures should eliminate the edge effects from nuclear radiation which have E -
been observed in devices without guard rings.

Guard-ring Schottky barrier diodes are of interest not only for applications in
devices such as high-frequency rectifiers, microwave oscillators, and logarithmic
converters but also for studies of bulk-material characteristice and the nature of the
metal-semiconductor interface. As an example, capaciiance-voltage (C-V) meas-
urements on Schottky barrier diodes can be used to delerm.ae introduction rates,
energy levels, and capture rates of radiation-induced defects in the bulk semicon-
ductor material. For normal .-n junction devices, such measurements are far
more difficult to interpret because of the large impurity concentrations present near
the junction.

Of interest during the study described here were the effects of radiation on
the metal-semiconducior interface since the I-V characteristics of the Schottky bar-
rier diodes are partly determined by the density of interface states. In nonirradi-
ated devices, the surface states have a density of the order of 10 states/cm?.
Since the thickness of the interface region is only a few angstroms, these cefect
concentrations are large compared to those which would be produced in the bulk 3
material at typical radiation exposure levels. However, it has been suggested that
nuclear-radiation defect production rates at the surface may be much greater than :
those in the bulk because the surface would serve as a sink for vacancies and inter-
stitials. Therefore, in this study, a specific effort was made to deduce changes in ;
the interface states by nuclear radiation from both I-V and C-V characteristics of E
irradiated, nearly ideal structures. In addition, some effort was directed toward
understanding changes in the characteristics of nearly ideal Schottky diodes result-
ing from a space-charge buildup in the MOS region surrounding the junction guard-
ring region.

b. Results of Experiments on Device Parameters in a Radiation Environment

1. Devices and Exposures. The devices used in this study were fabricated,
by planar processes, on n-type 0. 8 ohm-cm silicon substrates (thickness ~100y)
and had platinum-silicide contacts and diffused p-n junciion guard rings. Each diode
thus consisted of three parts in parallel: a Schottky diode, a p-n junction guard ring, e
and a MOS guard ring. The area ratio of the constituent parts in the 20-mil device
was 25:1:11 respectively. The thickness of the thermally grown oxide was about
5000&. The junction depth of the guard ring was 1 to 2u.
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Cross sections of this éevice and ¢f 2 conventionzl plamar Schotiky diode with-
oat 3 geard-ring stracizre are showr in Figure 39. Also shown in this figure are
the electric-field Ene distribuiions znd the expected shape of the depleiion region.
In the conventional Schotiky barrier diode withost = geard ring (Figure 38a), hignly
calized fields occur ai the electyocde edge. As a result of these fields, the conven-
tional Schottky diode exhibiis excess leakage curreni ard low breatdown vollage.
under an ionizing radiation eavironment trapped positive charges build up at the
5i0,-Si interface in the vicinity of the corners of the meiai-semiconducior juncuon,
the electric-iield Lines, originating in the trapped positive charges, must erd on the
edge of the metal-semiconducior interiace. Thus, the edge field is further intensi-
fled. This Increase of the edge field drastically lowers the breakdown voltage and
increases the leakace current. This sericus degradation im charzcieristics is re-
duced in the new device {Figure 39b). The p* diifused geard ring, overlapping bois
the platirum-silicid2 electrode ard the MOS regicn, together with the metal overlay
on top of the éevice virmally 2limirate the ecdge effect inherent in conventional
Schottky diodes. In this sirucwsre the wicdihs of the depletion region upder 303,
guard ring, and Schottky junction become roughiy the same. The electric-iield 1n-
tensity near or 2t the corners 1s therefore greatly reduced, while the metzl overlay
zls0 serves to prevent the formation of 2n inversion region under the oxide layer.

Schoitky barsier dicdes with three different area-io-periphery ratios were
exposed. In addiuon, devices with only p-n junction and MOS guard ring and with
MOS siructure alone wers fabricated aag irradiated.

The devices were exposed with and without reverse bias during radiation. The
Coso-gamma~ray tests were performed =t Bell Telephone iaboratories. The dose
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- Figure 39. Cross-section of Schottky

N At diodes. (a) without a
guard ring, (b) with a
guard ring.




raie was approximately 100 rads,’s. The neatron irradiatiorn tests were conducted
in the nuclear reactor at Pennsyivania State University. The neutron fluences

(£ >10 keV), were established by sulfur-foil activation methods, ard were accu-
rate to ~i0 percent.

2. Current-Vcltage Charucteristics. The I-V characteristics of platinum-
silicide diodes befores-and-afier Coso-gamma radiation, both with and without p-n
junction guard rings, are compared in Figure 40. Before irradiation, the device
without 2 guard-ring structure shows less than ideal characteristics in both the
forward- and reverse-current directions. In the forward direction, the n factor (a
medsure of the slope of the log I versus V characteristic) of the diode equation™

I ¥y 1
T s exp‘ﬁ-

= A"Tzexp (- qu")

kT

(1)

where

Is
varies from 1.2 to 1.5 for the unprotected device, compared to its value of 1.02
for the device with a guard-ring structure. Since both the effective Richardson

constant and the barrier heignt are voltage-dependent, n is approximately 1. 01 for
an ideal Schottky barrier in silicon.

In the reverse direction, the I-V characteristics show a “sofi’ brexzkdown for
the Schotiky diode without guard ring, whereas, the breakdown is "harc for the
correspending guard-ring device.

Following an irradiation of 108 rads, the reverse current of the device without
guard ring increases by three orders of magnitude. A comparable degradation oc-
curs in the low current region of the forward-current characteristics. The mech-
anism giving rise to this severe degradation is a radiation-induced positive-charge
buildup at the peripheral oxide layer, with a consequent decrezase in the depletion
width under the MOS part ana a corresponding intensification of the electric field at
the junction edge. Tunnelling or avalanche breakdown occurs at the edge; this is
evidenced by the small temperature dependence of the degraded reverse current =
rather than by the large temperature dependence expected for a thermal-generation
process.

The devices with a guard-ring structure show a very small degradation of the
reverse- and forward-current characteristics, even after a 108-rad gamma dose.
The n factor of the forward characteristic for a guard-ring structure increased to
1.2. However, the "hard" reverse characteristic was prcserved.
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Figure 40. Gamma-dose effects on the I-V character-
. istics of Schottky diodes.

TRV

Figure 41 shows the variations in the forward I-V characteristics with gamma
dose and, for comparison, the forward characteristics of the p-n junction guard
ring alone. The degradation of the latter's characteristics in the low current reg-
ion is due to the eleciron hole recombination at fast surface states. *’ These are
located at the surface of the depletion region which is induced under the MOS part
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Figure 41. Variations in forward I-V characteristics with
gamma dose.
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in the vicinity of the p-n junction. By comparing the forward characteristics of ihe
Schottky diode with and without a guard-ring structure (Figure 40) with those of the
p-n junction guard ring (Figure 41), one notices that the junction guard ring helps
to suppress the edge leakage current of the diode.

When the characteristics in Figure 41 are compared with the diode equation,
it becomes apparent that they follow the equation very closely, indicating nearly
ideal Schottky barrier behavior. Below 10'3 A, the characteristics follow the equa-
tion over six orders of magnitude, with I, = 107 10A; i.e., nearly the 3en’cire current
is carried by electrons injected into the platinum silicide. Above 107 A, the char-
acteristics deviate from the exponential dependence on voltage, as a result of bulk
series resistance. The series resistance increases slightly with radiation.

Figure 42 shows the changes in the forward characteristics produced by fast
neutron bombardment. Generally, the same comments apply to these results as to
the gamina irradiations. At the 1015n/cm2 neutron fluence and above 10'3A, a
large increase in the forward voltage results from the large decrease in the major-
ity carrier concentration. in the low curreni region, below 10'7A, the current in-
creases with an increase in dosage. This is due partly to an increase in the Schottky
saturation current and partly to an increase in the recombination current.

By extrapolating the I-V characteristics in the 10'4 to 10'6A range, which is
free of excess current and series resistance, to 0 voltage, one obtains the satura-
tion current and the corresponding barrier height. The variations in the barrier
height, ?Bn? and the slope, n, with gamma dose and with neutron fluence are given
in Figures 43 and 44 respectively. A slight decrease in 9gn (from 0. 83 to 0. 7%eV)
and a corresponding increase in n (from 1. 02 to 1.-19) occurred with an increase in
radiation. At 10~ rads or at 1015 n/cmz, the barrier height decreases a few per-
cent. Since the Schottky current is a sensitive exponential function of the barrier
height, the Schottky saturation current increases by about one order of magnitude.
However, the results indicate that the changes in interface state density are small
up tc a very high dosage.

Figure 45 gives the comparison between the reverse characteristics of a
neutron-irradiated 20-mil-diameter platinum-silicide Schottky dicde with guard
ring and of a corresponding diffused p-n junction guard ring alone. The reverse
current of the entire Schottky diode is given by the sum of the generation current
contributions from the depletion regions under the Schottky, guard-ring, and MOS
parts. Thus,
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As, Ai’ and AO are the areas, Wi is the depletion width of the cor: esponding parts,
Ti is the effective lifetime, SO is the surface recombination velocity. The first com-
ponent is due to the Schottky saturation current modified by image-force lowering by
the reverse voltage. The slope of the I-V characteristic due to this factor is iess
than 1/2. The pre-irradiation characteristic, Figure 45, indicates that the Schottky
current dominates the reverse characteristics before avalafiche breakdown. As ad-
ditional recombination centers are introduced by fast-neutron bombardment, the
generation current components become dominant through the decrease in the effec-
tive lifetime.

At 1015n/' cm2 fluence, there is a significant decrease in the effective doping
and a corresponding increase in the width of the space-charge depletion region.
These changes are reflected by an increase in the breakdown voltage (Figures 45
and 46) as well as by an increase in the forward voltage (Figure 42).

These changes are reflected by an increase in the breakdown voltage (Figures

44 and 45). The pre-irradiation breakdown voltage of 62V corresponds to a doping
level of 8. 7x1015/cm3. At 1015N/cm2, the breakdown voltage increases to 65V,
characteristic of a doping level of 8x1015/cm3. One concludes that approximately
0.7 donors/N-cm are removed. Similar values of the compensation of a majority
carrier dopant were deduced from the displacement in the capacitance data. The
changes also are reflected in an increase in the forward voltage (Figure 42). This
increase, above 10’3A, can be attributed to the decrease in conductivity as a re-
sult of both the carrier removal effect and carrier mobility changes.™
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TYTIETINT

The order-of-magnitude increase in the reverse current of a p-n junction

1 guard-ring structure at 1013n/ cmz fluence can be attributed to the channel formed7
! by the inversion of the surface of the p* region. This inversion is caused by the
radiation-induced positive space-charge within the oxide.

3. Capacitance-Voltage Characteristics. It has been demonstrated that dif-
ferential capacitance measurements can be used to characterize the properties of
junction devices and to investigate the characteristics of surface space-charge
regions.ss' *" Possible sources of errors and the factors which affect the interpreta-
tion and validity cf the measurements on metal-semiconductor barriers have been
discussed by Goodman.*®

TG

TP TT

In view of the composite structure of the guard-ring type Schottky divdes, de-

1 composition of the total capacitance of the diode is necessary. The effective capa-

citance per unit area caused by Schottky junction, MOS, and p-n junction guard-ring .
components was determined by solving simultaneous equations for total capacitances

(subtracting header capacitance) of 20~, 8-, and 3-mil devices of known areas

(three equations for three unknowns) for a given reverse voltage and a given radia-

tion dose. Figure 47 shows the variations in the C-V characteristics of a 20-mil

e
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device for several neutron fluences. The capacitance was measured at 1 MHz. An
example of the decomposition of the total device capacitance at zero dose into cap-
acitances of the inherent components is also shown in the illustration. Gererally,

at high reverse voltage, the total device capacitance increases with an increase in
- the neutron fluence. This is due mostly to the shift of the MOS C-V characteristic
A ' toward the higher reverse voltage; this shift is caused by the radiation-induced

positive~charge buildup in the SiOZ-Si interface. The amount of shift is larger for
devices which have been reverse-biased (at -45V) during irradiation. In the case
of gamma radiation, the voltage shift saturates at the same voltage as the reverse-
= bias (-45V) voitage.

‘ At a 1015n/cm , displacement damage decreases the concentraticn of the ma-
jority carriers. This decrease causes some decrease in the total capacitance in the
i low-voltage range and an increase in the breakdown voltage.

&
e v e mt—

2

; The variations in the effective capacitances for the Schottky junction and for
s MOS under gamma radiation are summarized in Figure 48. The values of the
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Figure 47. Effect of neutron irradiation on C-V characteristics.
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capacitances, taken at 30V reverse bias, are normalized to the capacitance values
before irradiation. Notice that the effective capacitance of the Schott:y j.nction is
virtually independent of radiation up to nearly 108 rads and that the same is true

for neutrons up to 1015n/cm2, as shown in Figure 49. The interceptcia 1/ CZ-
versus-V plot on the voltage axis yields VD - (kT/q). The value of the diffusion pot-
ential, VD, was found to vary, from 0.55 to 0.60V and show a slight decreas> as the
dosage increased, again coniirming that no appreciable change in surface stale den-
sity occurs. In Figure 49, the effective capacitance of the MOS part increases with
an increase in dosage but saturates above 106 rads or 1014n/ cm2 fluence. The
shaded area covers the range of uncertainty in the MOS data.

The effective capacitance of the p-n junction guard ring also increases with
an increase in the ionizing radiation dose through the formation of channels. How-
ever, the p-n junction guard ring has the smallest area in the device structure and
there is a much larger scatter in the data.

In order to investigate further the effects of space-charge buildup in the MOS
part, devices with the same junction guard-ring structure but with an additional
MOS part replacing the Schottky junction and with a metal overlay covering the top
of the entire diode were made. Thes= were then subjected to gamma radiation.
Figure 50 gives the result of this exprriment. Also shown in the figure are plots
of the theoretical capacitances for the p-n junction guard ring and of the MOS cap-
acitance based on the depletion approximation. By comparing the additicn of the
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two capacitances with the experiment results, one finds that, during i1rradiation,
the voitage shiit dve (0 the MOS C-V characteristic increases with an increase 12
the gamma dose but saturaies at the same voltage as the reverse bias. Some in-
crease in capacitance is a2lso cbserved in the low voltzge region, close 1o zero bias,
because of chanrel formation.
C. Summary

Platinum-silicice ‘silicon Schotiky barrier diodes with 2 guard-ring structure
exhibit a2 high degree of radiation resistance. The improved Schottky barrier diodes
have near-ideal forward characteristics 2nd "hard™ reverse characteristics com-
parable to the best p-n junction dicdes with the same background doping. These
improvements are preserved up to a2 gamma dose of 108 rads and 1o 2 high neulron
fluence of lolan/cmz. By the use of a low resistivity substrate and 2 thin epitaxial
layer, one may expect that the exponential currert range of the guard ring Schoitky
diode could be exiended irom one to two orders of magnitude higcher. The behavior
of such a device urder irradiation should be sumilar to that of the device which was
investigated. Such devices would be of value as ordinary rectifiers and switches in
severe radiation environments.

From both the forward-current zero-voltage intercepts and the C-V charac-
teristics, we find that the surface state def_lsity at the platinum silicide silicon in-
terface is unaffected up to 108 rads or 10%°n/cm?.
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The measurement of capacitance changes in Schottky barrier devices to char-
acterize bulk or surface charges is complicated by capacitance changes in the
shunting MOS structure anc p-n juncticn guard ring. The MOS structure shows
large and somewhat unpredictable space-charge buildup effects. These effects may
be partially eliminated by minimizing the MOS capacitance associated with the alu-
minum overlay and by increasing the area ratio of Schottky junciion to an MOS guard
ring.
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IO. RADIATION EFFECTS ON DEVICE STUDIES

8. EFFECTS OF FAST NEUTRONS ON PIN, PrN, PvN SILICON DIODES
a. Introduction

In the study of radiation effects on semiconductors, junction device structures
have often been used because of the wide range of minority carrier levels that can
be obtained. Of all the structures that have been employed probably the most de-
sirable is the PXN diode (X = I, 7, v) for the following reasons:

(1) The electrical behavior of the device is largely determined by the width,
doping, and lifetime of the X region. These parameters can be varied over
2 wide range without 2ltering the basic device analysis.

(2) It is the best understood junction device in several respects:
(@) The current flow is essentially one dimensional.

(b) Surface effects can be neglected provided the perimeter/width ratio of
the X region is large.

(c) The relationships of external electrical behavior and fundamental physical
parameters have been extensively a.nalyzecl.l’2

(3) Both high-injection and low-injection level regimes can be studied. Further-
more the open-circuit voliage across the structure is a measure of the rela-
tive positions of the hole and electron quasi-Fermi levels. Thus it is con-
ceptually possible to do Fermi-level spectroscopy in such devices withcut
changing the temperature.

(4) PXN devices are of interest as radiation hardened devices and as detectors
of ionizing radiation. The increased urderstanding of radiation effects in
these devices should lead to improved siructures.

A program was started under this contract to study the effects of fast neutrons
on PXN silicon dicdes with tae following aims;

(1) To establish the presence of clustered damage regions and the degree to
which such regions control the electrical behavior of the bulk material.

(2) To determine the magnitude of isolated defect recombination and to identify,
if possible, the defect concentrations, energy levels, recombination mech-
anisms, and capture cross sections.
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(3) To determine the nature of the fast "recovery' process in neutron-irradiated
silicon devices.

In the course of this program it was planned to expose a wide variety of spe-
cially prepared PXN diodes at liquid-nitrogen and room temperatures to a source
of 14-MeV neutrons. Before these irradiations were undertaken some preliminary
irradiations with commercially available silicon diodes were done at the White Sands
Fast Burst Reactor (WSFBR), and the results of these experiments will be given in
this report.

In these preliminary experiments, two types of device measurements were
explored:

(1) A transient measurement of the open-circuit forward-voltage recevery
(OCFVR) of junction voltage following abrupt termination of forward bias.

(2) Steady state measurement of reverse bias junction capacitance (RBC).

An analysis was made using Shockley-Read”4 recombination statistics to pre-
dict the shape of the OFCVR curve and to deduce defect parameters. These results
are compared with experimental measurements done at temperatures from -100° tc
+25°C on fast neutron-irradiated PIN silicon diodes. OCFVR measurements of
PIN diodes were also made 2s 2 function of time following a burst of neutrons in
order to study the fast recovery process.

RBC measuremenis were made at 77°K and 295°K, both before and after
minority carrier injection. The recovery effects due to injection are discussed and
a2 model for recovery in terms of clustered damage is presented.

b. Open-Circuit Forward-Voltage Recovery (OCFVR)

1. Theory. The use of PIN structures in investigations of transient recom-
bination from high-injection levels in semiconductors has been examined by Davies.®
He employed a technique, originally introduced by Gossick, in which the current
ilow is abruptly terminated and the open-circuit transient voltage across the struc-
ture is observed. Wilson® has shown experimental results of the effect of high-
injection level and temperature on the recombination process. He also indicated
the advantages of the open-circuit carrier decay method over the "junction-recovery
method of measuring lifetime.

”

The purpose of the present study was to examine thc feasibility of applying the
open-circuit carrier decay method as a possible piobe for characterizing various
recombination and trapping processes, in particular, those due to radiation-
produced defects.
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Consider, first, a forward-biased PIN diode. As the I region is inundated by
holes and electrons injected from the P*1and INT junctions, the electron and hole
quasi-Fermi levels move away crom the thermal equilibrium Fermi level toward
their respective band edges. If the PIN structure is abruptly open circuited, the
excess free-carrier densities decay toward zero. As the carrier densities decrease
by recombination, their quasi-Fermi levels recede from band edges and approach
each other — relaxing back to the therinal equilibrium value of the Fermi level. As
the quasi-Fermi levels pass through defect energy levels, states that were recom-
bination centers during a steady high-level injection period now become trapping
states and empty their carriers via the respective free bands.

Since the open-circuit forward voitage is a measure of the separation of the
quasi-Fermi levels, the decay of this voltage will be linear in time with a slope
given by 2kT/th where 2kT/q = 0. 05V at room temperature and h is the high-
injection-level lifetime. For a single dominant Shockley-Read type recombination
center, this slope is expected to change as the appropriate quasi-Fermi ievel moves
through the Shockley-Read level, giving rise to an inflection in the recovery curve.

The effect of a single Shockley-Read-Hall (SRH) recombination level position
within the forbidden band on the steady-~state lifetime, 7, of nonequilibrium carriers
may be seen from the following expression for the case of low-trap concentration
such that An = Ap (neglecting An, associated with the trap level).

el [0/, 5
¢ 1 +An/(n0 *po>

1 1
whereTt, =7 +7_ =
h 'po no opvat OnvnNt

= high injection-level lifetime

n + niem P, + nie—m
T, =T

3 | * T | | = low injection-level lifetime
po n, +P, n, +p,

E, -E,
tkT ! = normalized trap position with respect to intrinsic level

The variation of lifetime with injection level based on an SRH model indicates
a monotonic increasing or decreasing function depending on the ratio ‘Th/ Ty

If the spatial distribution of excess carriers in the base region is neglected,
the time dependence of the excess carrier concentration can be shown as

( t)m[An %P ]-nln[ﬂ@]n

An{t) + n, + P, an g
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The open-circuit voltage is approximately related to the excess carrier density by

v@) =5 1 [no + An(t)r [po + An(t)]
q

n.2
i

Preliminary results were obtained using the above results for the open-circuit de-
cay of a PIN structure assuming various energetic positions of the Shockley-Read
level. These results are shown in Figure 51. It is evident that no sharp infiection
points appear in these solutions. Instead, the decay curve has a smooth change in

slope in which curvature is concave upward, straight, or concave downward accord-
ing to whether

[no +P, + 2An(t)] [po + An(t)] (no + po) (Th - TL)

is less than, equal to, or greater than

(PO - no) [no +Py + An(t)] [(no + po)Q + ThAn(t)]

The absence of inflection points in the solution is attributed to the fact that
slow equilibration of the Shockley-Read states smears out the transition over many
kT/q in open-circuit voltage.

In order to cope with the more realistic situation where spatial distribution
of excess carriers injected from both ends of the base region becomes important,
a computer solution (Scharfetter -Gummel time-evolution program) of the entire
open circuit-voltage process was attempted.

Analytical results were obtained using this computer program for the iransient
behavior of electron and hole concentrations and for the corresponding quasi-Fermi
levels in the lightly-doped central I region following a switch from forward bias to
open-circuit condition. It was determined that the quasi-Fermi levels were virtu-
ally constant within the order of kT/q across the I region for times greater than one
lifetime after the initiation of the open-circuit condition. By choosing a PIN struc-
ture with a base-width to diffusion-length (W/L) ratio appropriate for the range of
excess carrier lifetimes, a constant quasi~Fermi level across the base region may
be obtained, and a uniform relaxation of excess carriers with respect to the trap
level is possible. Thus, investigation of the effect of the relative position of irap
level with respect to the Fermi and quasi-Fermi levels becomes meaningful.

Figure 52 shows the time decay of the hole and electron quasi-Fermi levels
for a PIN structure with W/L ratio equal to 6 and acceptor doping of 1013 cm’3 in
the m region. The forward current is assumed to be 10 A/cmz, and unequal hole
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Figure 51. Effect of 2 single trap level on the open-circuit yoltage decay
of a PIN structure assuming variocus energetic positions
of the Shockley-Read level.

and electron mobilities are taken into account. The corresponding decay in open-~
circuit voltage is shown in Figure 53. ¥From Figures 52 and 53, the following in-
formation is obtained:

1. The decomposition of the voltage decay curve into its constituent junction
volitages, Vpn and Vo (shown in Figure 53) reveals that an inherent change

in the slope will occur if the base region is not strictly intrinsic. This change
oceurs because the difference in contributions from the P7 and #N junctions

deperds strongly on the base doping. This change in slope in voltage decay
occenrs at 0. 35V for doping of 1013 cm-?’. This is the terminal voliage at which
the minority carrier transition goes from a high- to a Jow-injection condition
with accompanying decrement (approximately 1/2) in slope of the voltage-
decay curve.
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Figure 53. OCFVR for PrN, Pw, and 7N junctions.

2. The initial rate of decay is very rapid for PIN diodes with a large W/L ratio.
The voltage-decay curves correspond respectively to W/L of 2, 4, 6, 8, and 10.

These theoretical considerations indicate that the recombination of electrons
and holes .y be observed over high- to low-injection levels by the above technique,
especially when the base region is as near to intrinsic as possible and W/L ratio
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is close to unity. By varying the temperature and the initial injection level, it may
be also possible to identify other recombination pro.esses, such as Auger and radi-
ative recombinations. ;

b e s ewme v ———

In the future, it would be desirable to include in the analysis such ronlinear '
properties of the device material as: (1) mobility as a function of defect density .
and electric field, (2) multilevel trapping and recombination centers with arbitrary ‘
energy levels and cross sections, and (3) simulation of neutron radiation effect by
a space-charge screened SRH model.

e AT RN ke e o'}

2. Measurements. Measurements of the open-circuit recovery were made
using the method described by Wilson.® Forward current pulses, 30 mA in ampli-
tude and a few useconds in length, were supplied by a Rutherford pulse generator
through a Schottky barrier diode to the diode under study. The open-circuit voltage
was measured with a Tektronix sampling scope. The dicdes were usually shunted
with a 0. 1-megohm resistor. When the dynamic resistance of the diode exceeds
0.1 megohm, open-circuit conditions no longer hold and a rapid exponential decay
follows. The instrumental inflection which results has been related mistakeniy to
bulk recombination levels by several experimenters.®”’

PR

At the cessation of the forward current pulse, an instantaneous drop of for-
ward voltage occurs. This voltage step is due to the voltage drop across the central
region and depends exponentially on the ratio of the width of the region to its amuwi-
polar diffusion length. The voltage step is alsu a measure of the density of injected E
carriers in the central region.

Measurements were made at various temperatures of unirradiated and neu-
tron irradiated (5 x 1012 n/cmz) PnN silicon diodes with a central region doping of
approximately 1014/cm3 and a central region width of 100u. Typical results are

j shown in Figures 54 and 55. The bulk high-level lifetime before irradiation is
‘ =5 us and it drops to =0.3 us after 5 x 1012 n/cmz. Figure 54 shows an inflection
in the recovery curve of the unirradiated sample of VO =0.50V at 25°C. This in-
flection occurs as the quasi-Fermi level for holes reaches its equilibrium position
at Ei - 0. 25 eV. Thereafter only the minority carrier density is changing and the slope
decreases. More than ‘wo orders of magnitude in injection level are covered in the
linear parts of these decay curves. Assuming that the high-level slope is given by 3
‘Tp o* ™o and the low-level by Tho alone, we conclude that 7 o <7 o The lower
temperature recovery curves show the inflection point moves to V0 = 0. 62V at -25°C
and to 0.75V at -75°C. These values correspond to the equilibrium Fermi-level

position at these temperatures for an impurity concentration of 1014 cm |

Figure 55 shows that after irradiation there is no evidence of an inflection
point although the recovery curve still overlaps with high- and low-injection level
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regions. We can explain this result if we assume 00 = Tno Then the slope in both
regions would be the same. This result might have beea expected since lifetime
damage constanis and carnier removzl rates by fast neutrons are roughly equal for
n ard p silicon. Using typical vakwes for both, we conclude that capture cress
sections for both boles ard electrons of neutron-induced centers are of the order of

10-13 cmz.

The high-injection-level lifetime is not found to change markedly with temper-
ature. This 2lso is expected since the temperature depsndence of TS determined
by the temperature dependence of the capture cross section which is small. Low-
injectior lifedimes were found irom reverse current mezsurements to be rougniy an
order of magnitude shorier than those deiermined by the opern-circuit recovery
technigue at high-injecticn levels.

in the above discussion, we have assumed that the neutron-produced recombi-
n2tion ceaters are isoiaied Shockley-Read type defects. If we alterpatively suppose
that the deminant recombiznation occurs zt clestered defecis rather than isolated de-
fecis we would be led io expect 2 very differeni open-circuit recovery characteristic.

O. L. Curtis et .3.5 have experimentzlly me2sured high-injection ievel re-
combiration in neutron-irradiated bulk-silicon samples and fouad z pronounced
injecticn-les el dependence ahich they were able to expl2in using a clusiered defect
mode! based on Gossick's assumption® that the damaged region becomes intrinsic
and is surrounded by a large space-charge region. In this medel, the hifetime in-
creases with injection ieve! until {he injected carrier concentration is equal to the
bulk equilibrinum major-carrier concentraiion. Above this level, the lifetime again
decreases. The magnitudes of ihe lifeiime changes in the experiments of Curtis
et ai. are such that significant curvature in the recovery curve of the irradiated
PzXN diodes should have been cbserved.

We observe no such curvature in 2 wide variety of fast neutron irradiated
silicon PXN diodes. The discrepancy may be due to the fzct that Curtis etal. used
steady state photoconductivity amplitude 0 determirz lifetime. Moreover, their
results may depend cn trapping rather than recombination effects.

it might be well to point out that a2 strong injection-level dependence of re-
combination at clustered damage is expected if one assumes that the quasi-Fermi
ievel of minority carriers is flat across the clustered damage region. On the other
hand, i one assumes the clustered region has a very high recombination rate so
that in the clustered damage region the minority carrier quasi-Fermi level couid
not be shifted far from the intrinsic Fermi level, then no strong injection-ievel de-
pendence of lifetime should be expected.
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3. PIN Diode Opern-Circuit Recovery After Neuiron Bursts. PIN dicde
OCFVR foilowing exposure to a pulse of fast neutrons also was measured to deter-
mine “transient annealing" behavior of the central region lifetime h and the hole
mobility up. Lifetime is mezasured from the slope dV/dt of the diode open-circuit
voltage decay foliowing application of forward bias. Diffusion length in the intrinsic
region is determined from the voltage step at the forward-bias to open-circuit tran-
sition. From the diffusion length and lifetime the mobility was then determined.

To date it has been presumed that the transient annealing changes following
ugutron bursts 2re due to lifetime recovery alone. This experiment was intended
to show whether or not mobility changes were also of impcrtance.

In these experiments the PDX diode under test was given a succession oi brief
forward-current pulses at 2 low-repetition rate to minimize recovery due tc current
during observation. A Schottky barrier diode in series with the device under test
assured rapid curreat turnoff at the end of eara pulse. The tendency of cable ca-
pacitance to prolong diode turnoff time was eliminated by driving the sheath of the
caule to the diode with an emitter follower.

In order to obtzin repeated information on the OCFVR characteristic, the
scope display of the characteristic was intensifieq at three different times: (1) ata
time shortly before forward current is interruptes, {2) immediately aiter forward
current is interrupted and (3) several pseconds later. The voltage step is deter-
mined by the vertical displacement cf intensified spois 1 and 2, the slope from the
spacing of spots 2 and 3, and their known time inlerval. Using very slow sweep
speeds the intensified spots become virtually solid lines showing the time dependence
of transient annealing. These measurements were made at several temperatures
using the variable temperature mount described in a preceding report.’

The OCFVR decay for 295°K and 173°K before, :mmediately after, and five
minutes following the burst are shown in Figure 56. The precipitous change in slope
following the neutron burst (:1013 n/cmz) is caused by the order of magnitude re-
duction in lifetime (from a few pseconds to tenths of pseconds). An abrupt increase
also occurs in the voitage step at the termination of the iorward pulse. Subsequently
both the step and slope siowly decrease.

The calcuiated lifetime and mobility changes with time from these results are
shown in Figure 57. Lifetime increases by a factor of roughly 2 at 173°K, 2.8 at
295°K, and 1.5 at 373°K. Following a burst, mobility changes were small at 173°K
and 373°K and decreased by roughly 10 percent at 235°K. The mobility values at
ali three tempe;atm-es are in good agreemsent with expected values for a doping level
of 10'* N, /em®. Thus mobility changes following the burst are small.
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Figure 57. Recovery in PIN diodes after a burst of fast neutrons
(1013 n/em®?). (a) Mobitity. (b) Lifetime.

Large clustered damage regions might be expected to reduce drastically mo-~
bility as well as lifetime. In this experiment, however, no significant mobility
changes or recovery of mobility were observed in the neutron irradiated diodes.
Therefore, recovery of transistor gain must be concluded to result almost entirely
from lifetime changes.

In Figure 57 it should be noted that immediately following the neutron burst
the slope of the open-circuit decay is not constant but indicates a decreasing lifetime
with increasing injection level. This is in agreement with measurements of O. L.
Curtis et a_l." for the high~-injection level behavior. After recovery, however, the
slope again is constant. This result suggests that lifetime immediately after a
burst of neutrons may be dominated by Gossick-type damage regions but uitimately
is controlled either by isolated defects or by clustered damage regions within which
it is not possible to change significantly the minority carrier population.
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c. Reverse Bias Capacitance Under Neutron Irradjation

1. Intrcduction. In a preceding report'® we described transient recovery of
' the reverse bias junction capacitunce of commercial PrN silicon diodes following

exposure to a burst of fast neutrons. We observed that the carrier removal rates 3
immediately after the neutron burst were roughly four times as large as the post- 3

recovery rate. We also observed an exponental recovery of the capacitance with g
a time constant of 325s. A more careful analysis of the data showed an a.ditional 3
exponential component with a time constant of 4s as well. Similar measurements
were made at -100°C, and again two exponential decays were resolved, one with a
time constant of 8s and the other with a time constant of 0. 5s.

o

it

In the measurement of reverse bias junction capacitance Sah and Reddi'' have
described the effects of deep traps on the measurement. In effect, if the capacitance
measurement is made at very low frequency the trap populations ..:11 follow the up
and down movement of the quasi-Fermi level produced by the oscillating measuring
signal. In this case, the junction capacitance is determined primarily by the shallow
inpurity concentration, ND. At high measurement frequencies the trapped charge
does not follow the motion of the quasi-Fermi level and the capacitance drops to a

s g oride gy

. value determined by ND - N,. If the trap population .core ouddenly changed in N-
) type material by exposure to a burst of nuclear radiation, majority carrier traps
3 will equilibriate with a time constant in the space-charge region (n = p = 0)

3 g exp(Ec—Et>

3 ‘n

onVnN c kT

E

where On is the electron capture cross section, Vn is the thermal velocity of elec-
trons, N c is the density of states in the conduction band, and E c " Et is the position
of the trap with respect to the conduction band edge. Obviously, if either the tem-
perature or capture cross section is low or if the trap level is far below the band
edge, the trap equilibration time will be very iong.

PON PO

e

Assuming that the capacitance changes, given above, are due to the slow fill-
ing of isolated defect traps in the space-charge region, we obtain from the above
data two trap levels one at (E - 0.46) eV and the other at (E - 0.26) eV. The
trap cross sections were also estimated from these data and were o, = 5x 10
cm2 and 2x 10~ -16 Lm respectively. Thus, very reasonable trap depths and cross
sections would account for the recovery of junction capacitance after a burst of neu-
trons. Rupprecht and Klein,'? using a pulsed field-effect technique, obtained trap
levels in neutron irradiated N type 5111con of (E - 0.37) eV and (E - 0.15) eV with
electron cross sections of 2 x 10~ -18 cm and 1. 5 x 10 -15 cm respectively.
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From the above resulis, we expect that at T7°K the recovery of either the
deep or shallow trap will be essentially indefinite. However, should the traps be
filled by other than the normal generation process, say by forward biasing the diodes
and injecting minority carriers, then rapid filling of the traps would take place.

2. Measurements. To verify this result we exposed silicon PrN and PvN
diodes with impurity concentrations from 2 x 1022 cm™3 to 101% cm™ to fast neu-
trons at T7°K. The devices were irradiated at the WSFBR an¢ transported back to
Bell Telephone Laboratories, Whippany, N. J., for measurements using the low-
temperature irradiation equipment shown in Figure 58. Carrier concentrations
were determined by reverse bias junction capacitance measurements at 1 MHz.
Capacitance measurements were also made as a function of frequency from 1 KHz
to 100 MHz to see if any very fast traps were also present. Trap time constants
at 77°K were all much slower than 1035, and at room temperature the time con-
stants were greater than 10'53 so that the 1-MHz measurement frequency was suifi-
ciently high. Following the initial measurements, forward current of 5A/cm2 was
passed through the diodes. In all devices the electrically-active radiation-defect
concentration decreased by a factor of roughly 3 after injection. The defect con-
centrations as functions of neutron fluence deduced from the capacitance measure-
ments before and after forward bias are shown in Figure 59 for bulk impurity con-
centrations of 1014 ¢m™3 donors and 2 x 1014 ¢m™3 acceptors. For bulk impurity
concentrations of 10* ¢m™ donors and 2 x 1019 ¢m™3 acceptors similar results
were obtained. However, the carrier removal rates both before and after injection
were somewhat smaller. In the absence of forward bias, reverse-bias junction
capacity at 77°K for all impurity concentrations showed no change over a two-month
period.

Junction capacity also was measured as a function of reverse bias voltage for
some of the irradiated diodes. Then the diode was slightly forward biased. The
C-V curves, after successively increased levels of forward bias, are shown for a
PuN silicon diode in Figure 60. It can be seen that the principal recovery of carrier
concentration after low forward bias is at low reverse bias, i.e., close to the metal-
lurgical Py junction. After increased forward bias, carrier recovery extends fur-
ther and further away for the metallurgical interface. The abrupt break in the ca-
pacitance presumably corresponds to the minority carrier diffusion length in the v
region which in this case increases from roughly 1u to several p after the largest
forward bias. Similar results were obtained on Pz N diodes. Other evidence for
marked increase in diffusion length after injection was obtained from the voltage
drop across the v or 7 region for low forward bias. This voltage drop which in-
creases exponentially with the W/L ratio of the v or 7 region decreases abruptly
in irradiated diodes foliowing strong forward bias. The diffusion length deduced
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Figure 59. Defect concentration versus neutron fluence
at 17°K

from this voltage drop has been found to increase fourfold at 77 °K after forward

current is passed. This corresponds to a change in lifetime of a factor of 16. These
results strongly support the model that both capacitance and lifetime recovery are i
the result of slow carrier trapping by radiation preduced defects.

LRSI

3. Discussion. The results obtained on capacitance recovery are in agree-
ment with the qualitative model that was previously suggested for transient anneal-
1ng effects,"’ i.e., transient recovery is due to slow charge equilibration of traps
located within the clustered damage regions. The charge on these traps is believed E
to control the recombination kinetics of other defects also located in the clustered '
damage region. The preceding experiments suggest a slight modification of the
model as follows: We assume as in Gossick's model® that, after a disordered
region is created, majority carriers are trapped within this disordered region and g
these are initially compensated by ionized impurity atoms outside the disordered
region. During injection, however, we suggest that minority carriers become
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Figure 60. C-V characteristics of neutron irradiated Py N diode
before and after minority carrier injection.

trapped at the perimeter of the disordered region and substitute their charge for
that of the ionized impurity atoms. Thus, after injection of mirority carriers, the
disordered region is largely selfscreened; that is, the trapped majority carriers
are entirely compensated by trapped minority carriers also within the disordered
region. In other words, upon injection, the potential hill around the disordered
region gradually shrinks in diameter to the size of the disordered region alone.
During shrinkage, the ionized impurity-atom and free-carrier concentrations gradu-
ally recover. In addition, the lifetime and mobility of minority carriers should in-
crease, wihile the trap release time of minority carriers should decrease. Any of
these effects would give rise io an increase in diffusion length.

In this picture, the trapping process in the absence of injection is trapping of
minority carriers at the edge of disordered damage space-charge region. The
trapped minority carriers would free majority carriers and the capacitance would
recover. Thus the trap parameters given previously for majority carriers,
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assuming an isolated defect model, could also apply to the minority carriers (with
E.-E ~E - E ) assuming the clustered danage model.

To account for the subsequent failure to observe effects of slow trapping after
the initial recovery, it is necessary to require that the recombination defect con-
centrations toward the center of the cluster are so large that significant displace-
ments of the electron and hole quasi- Fermi levels from the intrinsic level are not
possible. As we have pointed out previously, this result suggests that clustered
damage should behave very much like an internal surface having large surface re-
combination velocity. A further consequence of this model is that strong injection-
level dependence of the lifetime in clustered damaged material would not be observed
as we have reported) since it is impossible to significantly alter the quasi~Fermi
levels within the clustered damage regions.

d. Summary

Open-circuit forward-voltage recovery (OCFVR) measurements were made on
neutron-irradiated PnN and PuN silicon diodes. No large dependence of lifetime on
injection level was observed in contrast to results obtained on bulk semiconductor
samples. In the absence of injection-level dependence, these studies are not useful
in characterizing the recombination mechanism. OCFVR measurements made cn
diodes exposed to bursts of fast neutrons show that diffusion length recovery after
fast neutron irradiation is solely due to lifetime recovery and does not involve
changes in carrier mobility.

C-V measurements on silicon diodes exposed to neutrons at 77 °K show carrier
removal rates several times greater than room-temperature irradiations. Follow-
ing minority carrier injection, the carrier removal rates are reduced to the room-
temperature values. The capacitance recovery, following injection, appears to be
due to minority carrier trapping at the edges of clustered damage regions. Re-
covery effects in depleted junction devices, such as junction field-effect transistors,
are expected to be much larger than in strongly injecting devices.

9. RADIATION EFFECTS IN SILICON AVALANCHE DIODES
a. Introduction

Silicon junction diodes operating in the reverse avalanche mode exhibit at
microwave frequencies a negative resistance which has been employed to make os-
cillators, amplifiers, etc. When a PN junction is operated in breakdown, the junc-
tion space-charge region subdivides into a narrow avalanche region and an adjoining
avalanche-free drift region. A negative resistance occurs at microwave frequencies
as a consequence of phase shifts between the voltage and current produced in both
the avalanching region and in the adjoining saturated-carrier-velocity drift region.
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A large number of silicon, germanium, and gallium arsenide junction structures
have been shown to exhibit this negative resistance. They have been called by vari-
ous authors avalanche diodes, IMPATT (impact avalanche and transit time) diodes,
and Read diodes. These bulk negative devices have many potential applications par-
ticularly in the radar field. Present oscillator efficiencies are of the order of 5
percent. A maximum theoretical efficiency of 30 percent has been predicted. Power
outputs at X-band of several watts of power have been achieved.

Radiation effects in these devices are of interest in many applications. Since
carrier recombination and trap release times, even in severely irradiated semicon-
ductors, are long compared to the period of oscillation in most avalanche diodes,
radiation effects on trapping and recombination times are not expected to degrade
the device behavior at microwave frequencies as they would the performance of
normal bi-polar devices. Furthermore, the effects of damage centers on the ava-
lanche process or on the scattering limited velocity of holes and electrons are ex-
pected to be minor because the associated mean-free paths are small compared to
the distances between radiation produced defects. On the other hand, carrier re-
moval effects due to radiation and consequent changes in the width and field profile
of the junction space-charge region could alter the device behavior.

In this study, we subjected "nearly-abrupt" epitaxial P*NNJ’, X-band, silicon
avalanche diodes which have been described by Misawa' to bombardment by fast
neutrons with integrated fluxes up to 1016 n/cmz. The structures studied have a
7- um-thick epitaxial N layer with 1018 cm™3 donors deposited on a heavily doped
N*-type substrate. Into this epitaxial layer a 3-um-thick P region was diffused.
At breakdown the total junction space-charge width of this structure is 3 ym and
the avalanche region extends over approximately one third of this width. These
particular structures were chosen because they exhibit fairly high power output and
efficiency at low operating current densities. Low current dénsities are necessary
to minimize the temperature of the devices and the possibility of annealing of radi-
ation damage during the microwave testing.

Microwave measurements were made of the oscillation threshold, power out-
put, frequency, FM noise, and AM noise to determine the effects of neutrons on the
high-frequency negative resistance behavicr. The changes in RF parameters were
correlated with changes produced in the field profile of the depletion region by
radiation defects.

In addition to the RF measurements, extensive dc measurements were made
of forward, reverse, and breakdown V-I characteristics. The dc measurements
were made for two reasons: (1) to correlate dc changes with changes in the RF pa-
rameters and (2) to evaluate the behavior of the narrow-base epitaxial devices as
radiation-hardened diodes.
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b. Theory

Read,’* in 1953. sazgested that microwave negative resistance could be ob-
tained in 2 PN j *rction biased to reverse breakdown. His structure used 2n abrupt
P N junction to produce 2 thin avalanche region of width 'a' Adjoining the N region
was 2 wide intrinsic region of width {;. In this region the avalanche injecied car-
riers wou.d drift at scattering limited velocity Vg In the avalanche region, it is
the rate of change of the avalancne current rather than current itself which depends
on the field. Thereiore, 2 change in current does not follow instantaneously a
change in field but requires 2 definite time to deveiop. Tae resulting carrier cur-
rent lags behind the field and hence the voltage across the region. Thus, the ava-
lanche rezion behaves like an inductance at high ireguencies. The phase delay at
microwave frequencies can approach 90 degrees.

Additionzal phase delay is associated with the transit time of carriers acro:s
the drift region because of a {inite carrier velocity, which is of the order of 10f
cm/s for electrons. Thus, by making the drift region of suitabl~ iength, the cur-
rent will be delayed 180 degrees benind the voltage and microwave power gain can
be realized.

In 1965, operating avalanche diodes ci the Read type were cemonstrated as
well as avalanche diodes of very differeni structures.'® In general, all of the nega-
tive resistant structures resemble the Read device in having aa avalanche region
and a drift region. However, in many of the structures the demarcation betwesen
these two regions is not evident. In addition to these two regions there is usually
present a third region arising from inactive bulk semicondquctor material wnich
adds undesirable parasitic series resistaace RS. 1t has been shown by 2 number of
authors that the parameters of all three regions have profound effects on the opera-
tion of the avalanche diode. We will use the anaiysis of Gilden and Hines'® to illus-
trate their relative importance. Gilden and Hines show that the total impedance of
a Read device of cross-sectional area A has the following form provided the transit
t'me in the drift region, % d/v d’ is small compareda to the period of oscillaticn:

2
_ tg 1 1 |
Z=Rs- 2ev A 2~ juC 2 (1)
;. (L-:/’a)c) 1- (u)c/’;u)

The first terr in this expression arises irom the parasitic series resistance. The
second term is the active resistance which is negative for w > Do and is positive
for w< w, - 1t approaches a finite value at zero frcyuency, a quantity which is
called the space~charge resistance. The third term is reactive and corresponds to

a parallel resonant circuit which includes the diode capacitance and a shunt inductor.
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C is the capacitance of the total depletion zone 224 € is the dielectric coastant. [n
this expression s is the angular frequerncy of operation and e is the critical reso-
nance freguency of the parallel resonant circuit formed by the equivalent mnductarce
of the avalanche region and its paralle! depletiur capacitance. It is given by the

expression

?Jvd
W = - co/de (2)

o

According o the Gilden and Hines anz2lysis, the operating irequency must ex-
ceed the critical freguency in order {o ctizin negzlive resistance. In non-Read type
structures with diffuse avalanche regions, this criterioa is nct necessary. Tre
critical frequency varies significantly with the details of the structure because of
its dependence upon the derivative of the ionization coeificient. For the nearly-
abrupt structure used in this study (=hich resembles the Read structure) the varia-
tion of 2, with current density is shown in Figure 61. Although =, does not depend
explicitly oa the width of the avzianche region "a’ analysis has shown that an in-
crease in "a will reduce - Note that the variation of < wiith carrent density per-
mits the frequency of operation of the device to be electronically tuned. The nearly-
abrupt stzuctures exhibit useful negative resistance at X-band frequencies with cur-
rent densities of the order of 560 A/cmz.

From Equztion (1) it should Le evident that the space-charge resistance which
is positive at zerc frequencies and negative ior @ > = c increases with the length of
the drift region. Thus, it is desirable that the transit time 2cross the drift region
should be comparable to the period of osciliaticn. This result means that the Gilden
and Hines expression (Equation 1) is only approximate. The optimal length of the
drift region is an open question at present since it depends critically on field pro-
file. In the nearly-abrupt structures examined in this study the ratio of driit time
to the period is roughly 1, which was believed to be close to optimum. We will
show later that the changes in fieid profile after neutron radiation may have pro-
duced a more nearly optimum structure.

From Equation (1) it is also e.ident that a minimum parasitic resistance R
is desirable. Hence, the amount of epitaxial layer not penetrated by the space-
charge regon (the "unswept" epitaxial region) should be a minimurr. The importance
of the parasitic resistance has been demonstrated for germanium: avalanche diodes
by Xoval and Gibbons'’ who found that 3 pm of unswept material could reauce .2
efficiency by a factor of 10.

S

The reactive compenent in Equation (1) increases with frequency and becomes
strongly inductive just below the critical frequency. Above the critical frequency,
the diode becomes capacitive.
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The av-lanche diode is quite similar to a klystron in its operation since they

both depend or transit-time phase shifts. High Q cavities are generally employed
with both devices in order to reduce the noise specirum associated with their re-
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spective mechanisms. A high Q cavity may be undesirable, however, if one wants
to take advantage of the electronic tunability of the avalanche diode. As an oscilla-
tor, the aval.zche diode is normally operated above the critical frequency so as to
resonate with the seriec inductance of a high Q cavity operated below its resonant
frequency. The microwave output can be obtained previded the negative active re-
sistance of the avaianche diode exceeds the sum of the external cavity series re-
sistance, the load resistance, and the parasitic resistance.

Avalanche diodes have been made which operate at irequencies irom less than
1 GHz to more than 100 GHz. As the frequency of operation increases, the available
power from an avalanche diode decreases since, at higher frequency, the depletiocn
region thickness is reduced as 1/w. This depletion width redut tion decreases the
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permitted applied voltage: the available power from such a device is in turn re-
duced with increasing {requency as 1,.0".

¢. Effects of Radiation on Avalanche Diodes

Transit times across the juaction space-charge regions of the avalanche diodes
are less than 107 Vs beavily irradiated semiconduciors, recombination or trap
release times are generally greater than 10~ 10s. Thus, during one period of oscilla-
tion, the contributions of recombination ¢r trapping #ould not be expecied to have any
significant bearing on the transi:-time negative resistance of the avzlanche diode.
Large numbers of generation certers in the space-cinarge region will reduce the field
required for breakdowrn and also will reduce the statistical fluctuaions in the ava-
lanche process. 8ince noise in the avalanche diode arises primarily from such sta-
tistical fluctuations, radiation damage might be expected to reduce the noise figure.

Radiation damage centers have been showrn to affect the mobility of carriers
in 2 semiccaducior: however, little is known about the efiect of damage ceaters on
the scattering limited velocity or upon the avalancne process. In either case, the
eifecis of radiation are expected to be small because the mean-free paths involved
in either the avalanche or scattering-limited-velocity process are of the order of
100-‘& The maximum radiction fluences employed in this stedy were 10 16 2
and at this dose the distance between scattering centers is of the order of 300A.

Hence, the effect on either of these processes should be small.

a/cm

Radiation damage centers can affect the field profile in the avalanche dicde
by compensaiion of the bulk impurity doping. As the majority carrier concentration
decreases, the junction space-charge region widens. Clonsequeni changes in the
sc? and the total derl<iion ca-
pacitance C will resuit. However, the cffects of changes in these parameters on the
microwave performance of the avalanche diode will depend critically on the particu-
lar device structure.

critical frequency = ¢’ the space~charge resistance R

d. Measurements

1. Devices. The devices studied were silicon avalanche diodes with nearly-
abrupt junctions which have been described by Misawa.'> The junction is formed by
diffusing boron 3-pm deep and a surface concentration of 1018 cm'3 into a uniformly
doped n-type epitaxial layer with a doping of 1016 cm'3 and a thickness irom the
junction o the substrate of 4.5 um. The diameter of the dicdes is approximately
100 um. The wafer is mounted upside down for good thermal contact to a copper
stud and inserted in a microwave pill package. Ten devices supplied by B. C.

De Loach, Jr., of Bell Telephone Laboratories. Murray Hill, N. J., were studied.

2. DC Measurements. DC measurements of forward and reverse I-V char-
acteristics were made with a North Hills CS-111 constant cursent source and a
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digital voltmeter. Lifetime measurements were estimated using a B-Line Stored
Charge meter. In addition to the dc measurement of avalanche breakdown charac-
teristics, a pulse measurement of the incremental avalanche resistance was made
using the circuit shown in Figure 62. The diode is reverse biased into the break-
down region and a 50-ns wide pulse is applied. The incremental voltage and current
are read with a sampling oscilloscope. Junction capacitance measurements were
made as a function of reverse bias with 2 Boonton Electronics model 75H tridge
operating at a 1 MHz. Measurements were also made as a function of frequency.
The variable frequency measurements showed that the 1-Miz measurements were
suitable for determining electrically-active defect concentrations and their infiuence
on the field profile in the space-charge region.

DIODE UNDER TEST

~NW— P VW ——VWV——
icon [ 008 388

CONSTANT /7N . © PyLse
CURRENT Cl) AN KF §'°° GENERATOR
SuPPLY 0

Figure 62. Circuit for measuring space-charge resistance.

3. AC Measurements. Microwave measurements were made with the diode
mounted in a water-cocled coaxial mount incorporated in an X-b2nd waveguide test
rircuit similar to that described by Iglesias.™

A diagram of the complete microwave circuit is shown in Figure 63. The di-
ode test cavity in this circuit is followed by a 10-dB, 50-2 fixed attenuator which
provides isolation between the cavity and dhe rest of the microwave circuit.

Biasing of the diode is accomplished with a bias "Tee" which allows positive
dc bias t{c be applied through the cenier conductor of the coaxial line to the diode.
Heat removal from the diode :s achieved by means of a water-cooled chuck which
provides a high-pressure metal-to-metal contact with the diode.

The output of the bias "Tee" is connected to a coax-to-waveguide transition.
Further isclation is obtained by means of 2 20-dB ferriie waveguide isolator. A
20-dB directional coupler is used to sample a portion of the main power. The
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sampled power is applied to a balanced mixer while the main power is fed through
a precision attenuator to an absorption type wavemeter and then to a waveguide
switch. One arm of the waveguide switch is connecied to a ther mistor power head
while the other arm is connected ts a dual-mode discriminator cavity.

4. Measurement Procedure

(2) DC Bias and Cooling. All measurement cf RF power ievel, frequency,
and AM and FM noise was made at a bias of 50 mA, well below the burnout current
of about 110 mA. The current density at 50 mA is roughly 500 A/cmz. Since the
junction temperature was found to increase at a rate of about 15 °C per watt of applied
bias power, the junction temperature could be maintaineé at about 80°C based on a
cooling water temperature of 20°C. The bias voltage was measured using a digital
voltmeter. Since the fixed 10-dB attenuvator had a series resistance of 1209, oV
had to be subtracted from the voltmeter reading.

(b) Cavity Tuning. Before microwave measurements are made, the cavity
must be tuned for maximum power output. Tuning of the cavity is achieved by means
of three metallic tuning sleeves placed within the cavity. The length of these tuning
sleeves is A/8 at 10 GHz. The first sleeve is brought near the diode which effec-
tively matches the reactance component of the diode. With this arrangement, a
small power level will be read on the power meter. Fine tuning for maximum power
is then achieved by moving the remaining two sleeves, with only slight readjust-
ment of the first sleeve. Spacing of the sleeves should be approximately X/2 or
about 0.6 in. The movement of the sleeves is done through an access slot along the
length of the cavity.

(¢) Measurement of Threshold Current. Measurement of threshold cur-
rent, the minimum avalanche current at which the diode will oscillate, is made by
reducing the bias current in small steps until oscillation stops. Readjusting the
tuning sleeves at the lower current level will again bring the diode inte oscillation.
The current level is then further reduced. and the tuning adjusted until the diode no
longer vscillates. At the lower current settings the precision attenuator is set w
zero and the power meter is set to its lowest power range (-20 dBm setting).

(d) RF Power and Frequency Measurement. Measurement of RF power
level was made using a Hewlett-Packard model 431B power meter with a model
X486a thermistor mount. The power level is determined by first setting the power-
meter range switch to the 0-dBm position. The precision attenuator is then ad-
justed to give full-scale deflection on the power meter. The power output in dBm
from the diode cavity may then be determined by adding 10 dB (the value of the
fixed coaxial attenuator) to the reading of the precision attenuator.

166

Bix

L




Measurement of RF frequency was made using a Hewleti-Packard model
X532B absorption-type wavemeter. The RF frequency is read directly from the
scale on the wavemeter. This point may be seen by a dip in the power-meter
reading.

The oscillation frequency and the FM noise discussed in the next paragraph
were found te be primarily controlled by the tuning and Q of the coaxial cavity rather
than by characteristics of the avalanche diode. They were monitored during this
experiment to determine if any sudden frequency or noise shifts might occur due to
radiation. No dramatic changes of consequence were observed during the study.

(e) FM-Noise and AM-Noise Measurements. FM-noise measurements
were made using a dual-mode discriminator cavity. In the discriminator cavity,

two right-angle modes tuned to slightly different frequencies are generated, the
center frequency being tunable from 9 GHz to 10 GHz continuously. The detected
signals from the two moedes are applied to the inputs of a Tektronix — Type D dif-
ferential plug-in unit. The peak-to-peak FM ncise voltage as a function of frequency
can then be read directly from the ¢sciiloscope display. The measurement is only
intended to show relative changes in the FM noise level.

Measurement of AM noise was made using heterodyne detection. In this
method, a portion of tl«e main power is sampled through a 20-dB directional coupler
and applied to a LEL model XCH low-noise mixer circuif. Local esciliator power
for the mixcr is provided from a LFE model 814A ultrastable oscillator. The power
from the local oscillator is adjusted to give 0. 5-mA current from the dicdes in the
mixer circuit while the frequency is adjusted to be 30 MHz above the microwave
frequency. The 30-MHz signal from the mixer is attenuated by a 40-dB attenuator
and then applied to the input of 2 LEL IF amplifier. A negative 3-V bias is applied
to the amplifier to reduce any noise generated. The dc-output voltage from the IF
amplifier is adjusted to 4V. The peak-to-peak noise voltage is read from the scope
display.

5. Irradiations. The diodes were exposed to fast neutrons at the WSFBR up
to a tofal fluence of 101 n/cm2 (E > 10 keV). The reactor was operated in a steady-
state mode. Additional exposures with total fluence up to 1016 2 (E > 10 keV)
were made at the Pennsylvania State University TRIGA reactor also operated in the
steady-state mode. In the latter radiations, the samples were wrapped in 0. 020-in.

N

n/cm

Cd foil to reduce the thermal neutron fluence. Neutron fluences were measured
with sulfur foil dosimeters and are accurate to within +20 percent.
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e. Experimental Results

P

1. DC Measurements

{a) Lifetime. Minority carrier lifetime in the epitaxial layer was obtained
from stored charge measurements as a function of neutron fluence. The average
lifetime up to an integrated fluence of 101"5 n/cm2 is shown in Figure 64. At higher
fluences, the stored charge measurement is subject to significant error and was
not used to characterize lifetime. The results shown can be fitted with an expr2s-
sion of the form i/7 = 1/70 + K¢ with a lifetime damage constant K = 0.7 x 1078
cmz/n—s. This value for tlie damage constant is quite similar to that obtained by
other investigators on silicon diodes.

Lifetime measurements were repeated after a complete set of dc and ac
measurements were made to estimate the amount of annealing which took place.
In no case did more than 10 percent of the damage anneal during the subsequent
measurements.

(b) Reverse DC Measurements. Reverse V-I measurements helow the

breakdown voltage were found not to be relevant in this study because the reverse

108




—m———y

e I L T T TR N PR S

e

(e figs i Y

Y

current was dominated by a surface leakage and was relatively insensitive to radi-
ation level.

Reverse saturation current (IS) was estimated by extrapolation of the forward
V-I characteristic to zero bias. IS was found to increase roughly linearly with neu-
tron fluence up to 1015 n/cmz. Above this fluence there was a more rapid increase.
The cause of this rapid increase will be discussed further in the next paragraph.

{c) Forward DC Measurements The forward characteristics of the initial
sample lot of ten fell into two groups: one having a forward series resistance of the
order of 12, the other having a series resistance of the order of 1022. The series
resistance of the first group agrees with that calculated for the unswept epitaxial
layer of the avalanche diodes. The large series resistance of the second group is
apparently due to contact resistance between the titanium-gold contact and the boron
diffused P-layer. The high-resistance group has a low-surface concentration of 3
boron diffusant while the low-resistance group has a high-surface concentration.
The high-series resistance in the one group is shunted by a iarge parallel capaci-
tance so that it does not affect the electrical measurements of either a pulse or high
frequency nature, but it does seriously degrade the forward characteristics in the
dc measurements. Since the forward V-I behavior was masked in the case of the
one group by the series resistance, in the following discussion, the forward charac-
teristics discussed will be those of the low-resistance group only.

JAR ANTTT D lﬁa& ant
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The decrease in lifetime under radiation causes the forward I-V characteris-
tic to shift toward a lower voltage as a result of the increase in the saturation cur-
rent. Figure 65 shows the average forward voltage at forward currents of 0.01, 1,
and 100 mA. At low-forward currents, the forward voltage decreased linearly as
the log of neutron fluence increases up fo an integrated fluence of 2 x 1015 n/cmz.
Above this level, the forward voltage decreases abruptly. At 1 mA, the linear
decrease in forward voltage with the log of neutron fluence is observed up to
~4 x 1015 n/cmz, but, above this level there is a marked increase in the forward
voltage. At 100 mA, there is a gradual decline in the forward voitage with a sudden
increase for fluence above 4 x 1019 n/cm?.

At both 1 mA and 100 mA, there is a considerable spread in the measured
values for the voltage as indicated in the figure. A better idea of what is occurring
is shown in Figure 66 which gives forward V-I characteristics with neutron fluence
as a parameter. Up to forward currents of 10 mA, the log I versus V characteris-
tic is a straight line with a slope qV/(nkT) characterized by an n value of 1.5.

Above 10 mA, series resistance causes the chiracteristic to deviate from a straight
line. At neutron fluences up to 1015 n/cm?‘, the characteristic shifts to lower for-
ward voltages with the slope remaining constant and with an increase in the forward
series resistance. In the neighborhood of 2 x 1015 n/cmz, a sharp increase in the
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forward current at low forward voltages occurs. However, at higher forward cur-
rents, the characteristic is displaced to higher forward voltages, again with the
same slope. The magnitude of the displacement varies for individual devices from
less than 0. 1V to more than 0. 2V,

We believe that the changes in the forward characteristic are due to the for-
mation of a very narrow intrinsic region in the neighborhood of the metallurgical
PN junction. Compensation of the chemical doping by radiation-produced deep
traps will tend to produce such a region. At low currents where the generation
current by recombination centers in the depletion region dominates the character-
istic, the increase in the volume of the generating region by formation of an I layer
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would give rise to a significant increase in the forward current. At low tempera-
tures this generation current contributi... in the I region was found to disappear be-
cause of its exponential temperature dependence. At high forward currents where
the space-charge region current is less important, a voltage drop will appear across
the I layer such that both the minority and majority carriers drift across the layer
without recombining. The voltage drop that is required rises exponentially with the
ratio of the width of tLis intrinsic region to a diffusion length. At 101€ n/cm?, the
diffusion length is estimated to be 0.3 um; hence, a significant voltage drop would
appear across this intrinsic region if the width of the region were comparable. We
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will show later that the intrinsic region 2lso affects the junction capecitance valees
obrzined at very low reverse biases. It is worihwhile {0 doint ont that this iatrinsic
region aifects tte forward characleristics quite significantly bnt it will subsegrentiy
be showa ic have Little or po eifect apon the bekavior of the avalanche microwave
ckzracteristies of {he dicde.

{d) Avzlanche Brez¥down Cheracteristics. DC measnrements ¢f the avz-
15

izpche breakdown regien were izade as 2 fonctica of peutron fluence. Up o 10
n/cm? there was little effec: uf the radiation on the breakdown cizractersstics.
Above this level, the concentraiion of acti- e Sefecis approaches the belk impuritly
coacentratien and the brezidowa volizge inreased sigmficantly. The average break-
éown voltzge 2s 2 feaciion of nestron fivence is shown is Figere 07. The imilial
breakdowa voliage is ciaracieristic of 2 dopirg level of 1010 cm ™. 21 10'% n/em?®
the breakdown volizage is cieracieristic of the doping fevel of 5 x 1012 cm ™S, Oze
conclodes thet agpruximately 0.5 donors,/n-cm 2re rermuved. However, sioce there
is 2 significeni wxdening of iz sgece-chrrge region et 2ccozmpenies this redrclicn
in tbe effective coping evel it is possible &t ponch-throvgh o the epitexial region
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has occurred and that the breakdown 1S characteristic of the PIN struciure rather
{haa 2 PN stucture.

From the V-1 measurements in the avalanche regior the slope of the break-
Gown regicn 27 /Al was determined. This dc breatdown r:sistance is lzrgely con-
iroiled by ike temperature wependence ¢i the breakdown voiage whica prior to ir-
r2&iaticn is of the oruer of -0.12 V/°C. From the initial d¢ resistance ot these de-
vices which is ¢f the ordsr of 17002, one cstimates that the temperature sise in the
device at 2 reverse current of 50 mA must be 2pproximately 70°C.

D1y, 2204 @F 2 ) VD et sl Ldnalia st

Daring the irradialion jt is observed that the slope of the breakdews charac-
terisiic decreases rapidly 2tove 101° m—’csnz, and in f2ct becomes negzlive in the
neighborhood of 1018 nfem?. Thus, there is 2 éc negative-resistazce characteris-
8c followizg high levels of radizicn. The negabive resisiance mey ke 2 resoif of
e i2arge concentration of generation centers formed in the depletion l2yer. The
temperainre dependences of the avalanche process aad the seneraiion process bave
opposiis efiecis o the brectdown volizg.. ¥ there is z large gemerztisn curreat
centribution, its temperzinre depengence conld Gominzie. Negztive resistance may
2lsp arize at large current éensifies irom chaoges in the field profile. The pegauve
resistence muy beve seriscns conseguences for ihe dsvice toth in terms of the over-
ating behovior and in terms of relizbility since therma) mmawey is very lizble io
occar wnder these drcumstances. 1t is possibic also that isolated current filaments
could develcp. Filamenizry cozdaction is favored since the brezkdown voltzge
2cross 2a isoiated filament with high-curreant density and severe local heating will
b2 lower then thet 2cross neighboring low-cesrrent-deasity and ow-temperature
regions.
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it shoald be poinied out that in the course of maXing the microwave meas-
arements ca radiated diodes pearly half of the originai devices were lost dur-
ing the process of the measuremen!s. GCenerally, these failures occurred after 2
large integrated dose of nevircns bkad been 2ccumulated. Iz normal testing of avae-
Ianche dicdes, z certzin number of devices 2re lost throvgh barpout 2nd excessive
heating of the devices. This loss usvally occurs because of stored charge in the
measurement apparatus which is discharged very rapidly through the avalanche re-
sistance. Failure could also be cdue to secongary trezkdown. However, there is
reason to believe that 2 number of our failures resulied from the dc negative-
resistance behavior produced by radiation. Uniorwmately we cannot say that failure
specifically followed either thermal ruraway or filament formation. It was found

JONTTITE 1 FRY U TR K

FNTUDRTIRATI W ST AR T SULF A S IO N FIRNLT LNTRT PPN

. t more devices burned out of the low-forward resistance type than of the high- : 3
forward resistance type. This might be expected since the high-series forward re- *

x sistance does provide some protection azainst thermal runaway and filament for- E
mation.
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Dynamic resistzeace measnorements were also made in the avalanche region
vsing 50-ma, 50-ns polses. In these pul.e measaremeats the large forward-
spreading resisiance in haif of our sampies does not appear because of the shunt
capecitance. The remeining series resistance dus to ceatzcts 2nd unswept epitaxial
region Is ¢f the order of 12 or less. Thereiore, the observed measured a¢c re-
sisiance of 2pgroximately 209 is alirituied primearily {0 space-charge resisiance
of the avalanche region. This resistance is givea by the lcw-ireguency space-chkarge
resistznce term in Bgmation (1), i.e.,

; 2
Rg:=:L
.’.evdA

For tkhe avalanche ciodes voder investgaiion the calcalaied spece-cixerge sesisiance
is of the order of 200 in good z2greeizent with the observed valves. During irradia-

Bon it was fornd thet the dynamic resistance increased 25 Scown in Figure 63. Pre-
sumeaoly, the increzse is dre 10 2 wicening In the space-chzrge driit regioa £ 4
The obhserved increzses in Rsc are greater then expecied irom the increase
in i, In some of e irradizied devices ke wavelorm of tbe volizge puise across
1 /
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the diode indicated a2 significant drop in the thermal Hme constast. Before irradi-
ation, the thermal ime constants were 2ll greater than 1 psec so that the tempera-
ture rise during 2 50-asec puise was small. Afier irradiation, some of the irradi-
ated devices hzd time censtanis as short as 0.2 psec ang the temperatire rise during
a 30-nsec pulse w2s aprreciable. The resulting temperatuore rise provides an 2ddi-
tional voltage cizpge which canses ihe Rst io appear larger. The decrease in time
constzaant could be attribnted to filameatary avelanche conducticn in the irradiated
devices since ihe r2ic of temperainre rise in smzll cross-section filamepts wonld

be much greaier then in the bolk semicondrcior.
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{e) Juncticn Capaciizace Measurements. Typiczl chzesgas iz juncéon ca-
paecifance 2s 2 funclion of reverse voliage wiih increasicg zentron fiuence are shown
in riguore 65. Relatively Hitle change occurs in the junciion capaciience vp to 2
nectron flvence of 10° nfem®. Abuve tius level 2 displacement i the curve occurss.
The megniteds of the displacement indicates 2 compensaiion of 2 mzjority carrier
éopant of aboui 0.3 carrier/n-cm in 2greement with the valve decuced from changes
in breztdown voliage.
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Figure 69. Effect on neutron radiation on C-V characteristics 3
of silicon avalanche diodes. 3
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At fluences >10!° n/em?, further displacement occurs which indicates further
compensation. These changes in effective doping level are shown in Figure 70. In
addition to the btulk compensation, 2 large decrease in the capacitance occurs at
very low bias voltages. This large decrease in capaciiance at low voliage is atirib-
uted to the formation of 2 narrow infrinsic regiona at the metallurgical PX interface.
The effects of this intrinsic region oa the forward V-I characteristics have already
been discassed. From the juncticn capacitance characteristics we uave Jdetermined
that the wiith of this intrinsic regior at 10°% n/cm? is roughly 0.6 pm.

The capacitance measurements not only show a change in the compensation
and in the formation of an intrinsic region but are also useful in deducing the shape
of the field profile. The field profile is important in determining the operating
characteristics of the avalanche microwave oscillator. The changes in the field
profile with radiation are shown in Figure 71. Since the field not only widens but
decreases in maximum intensity, we expect that both the driit region width d and
the avalanche region width i, will decrease with radiation. The effects of these
changes will be discussed later.

g. AC Measurements

(a) RF Freguency. During the course of this study, it was determined
that the oscillation frequency was determined primarily by the tuning of the
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microwzve cavity and was not affected generally by the specific characteristics of
the device under stidy. Since the devices had to be removed irom the cavity to be
irradiaied, irequency changes between irradiatiors, which were of the ovrder of

1.0 percent, were probably due to cavity returning. At the completion of the study
oi the device, several of the radiated devices were subsequently annealed to remove
the radiatior damage. The annealing was done with the devices mounted in the
microwave cavity under conditicns where they were continuously oscillating. Dur-
ing the anneal, the oscillation frequency was monitored without readjustment of the
tuning slugs. In the course of annealing out more than 50 percent of the observed
damage the frequency changes were of the order of 0. 2 vercent. This change in

frequency could be 2asily corrected by a small readjusiument of the current through
the diode.

(b) FM and AM Noise. The FM and AM noise measurements were intended
to show relative changes in noise level as a resuilt of radiation. However both meas-
uraments were largely dependent on the tuning and Q of the coaxial cavity. Hence
only general trends in the noise behavior could be determined.
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No significant changes in the AM noise levels were observed up {o the maxi-
mum dose of 1016 n/cmz. The relative FM noise roughly doubled at a dose of
1023 n/em? but did not increase farther between 1012 n/em? and 1015 n/em?2.

{c) Oscillation Threshold and Power QOuiput. The threshold current for
oscillation and the power cutput under CW oscillaHon conditions ai 2 cortinuous cur-
rent of 50 mA were found to be relatively unchanged by neutron irradiation up t0 2
total integrated flux of i01® n/cmz. The average characteristics for threshold cur-
rent and output power as functions of the neutron fluence for all ten uuits are shown
in Figure 72. At 1012 n/em?, the lot of ten was subdivided into two lots, one with
a high-average output powear, tke cther with 2 low-average ouiput power. Subse-
mquent power and threshold measaurements were made on ihree units each of the two
lots. The results on these devices are also shown in Figure 72. At neubtron levels
from 101° n/em? to 4 x 101 n/cm?2, the threshold current decreased in value and
the output power increased in value for both lots. However, the low average power
Iot showed tke greatest improvement. At 1916 n/cmz, the threshold current for
both lots returned to nearly its original value. The cutput power, on the other hand,
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Figure 72. Threshold current and output power as functions of neutron fluence.
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continued to increase very slightly ia the range up to 1016 n/cmz. The power effi-

ciency of the diodes also increased with the output power although not as drastically
because of a small (10 percent) increase in the breakdown voltage at the same time.

The decrezse in threshold and the increase in oscillation ouiput are results
of the compensation of majority carrier doping in the epitaxial material although the
speciiic mechznism by which the power is increased and the threshold decreased is
rot clear. More will be said of this topic in the discussion wnich follows.

{. Discussion

1. DC Characteristic of Neutron Trradiated Avalanche Diodes. The dc char-
acteristics of the nearly-abrupt structure have been studied in order to determine
its capabilities for dicde applicatiors in 2 radialion environmenf. The narrow-base
moderately-doped structure shou:d exhibit improved forward characteristics because §
of the very low series resistance, which has been estimated at roughly 1Q. At i
neutron fluences up to 2 x 101:’ n/cmz, excellent forward characteristics were main-
tained. At higher fluences, however, the forward behavior degraded abruptly. This
degradation has been atiributed to the formation of 2 thin I region at the position of
the metallurgical PN junction; this formulation resulted from compensation of both
donors and acceptors by radiation produced defects. From the observed carrier
removal rate of 6.5 carriers/n-cm, the width of the I region for a junction depth of
3 pm and a surface concentration of 1018 cm'3 is estimated to be approximately
0.5 pm.
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The voltage drop across such an I region in the forward diraction has been
calculated by Herlet and Spenke'® as: 8

WI/ 2L-7/2
avy = 2 kT/q sinh WI/ZL 2 arctan |e )

vhere WI is the width of the I region and L is the ambipclar diffusion length. From
the observed voltage shifts at 1 mA between 101° n/cm? and 1016 n/cmz, we esti-
mate the widths of the I regions to vary from 0.7 to 1.0 um.

The width of the I region has also been estimated from the decrease in the
junction capacitance at zero bias. The junction width increases from 0.4 ym in
unirradiated devices to 1.0 pm at 1018 n/cm?‘. This increase in width is in good

agreement with the values estimated from the extra forward voltage drop.

The width of the compensated intrinsic region and its consequent sffect on
device behavior could be reduced by reducing the depth of the diffused junction.
Thus it is desirable in radiation-hardened devices to minimize the depth of diffused
junctions in addition to the usual constraints on basewidths and doping concentrations.
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In the avalanche breakdcwn region, V-I measurements show thzt the tempera-
ture dependence of the breakdown voltage becomes negative for neutron fluences
greater than 4 x 1015 n/c:nz. The negative temperature coefficient gives rise to a
negative resistance in the avalanche region and raises serious ques.ions about de-
vice reliability in this region. Thermal runavay and filamentary conducticn effects
have been observed in irradiated avalanche diodes as a result of the negative re-
sistance behavior. Further study of this phenomenon appears desirable.

2. Microwave Behavior of Neuiron Irradiated Avalanche Dicdes. As expected,
Iietime reduction and trapping effects dee to neutron bombardment were found to
have little or no effect on the microwave behavior of avalanche diodes. On the other
hand, carrier removal effects by radiation-induced defects were found to alter sig-
nificantly the field profile and the performance of the diodes as oscillators. The
resultant changes resulted in a decrease of the threshold current and increases in
both power output and efficiency. Evidently the original structure was not optimum.
However, the reasons for improvement in microwave performance are not clear.
From Figure 71 it is apparent that the space-charge region widens and thus shrinks
the width of the "unswept” epitaxial regicn. As already pointed out this can signifi-
cantly increase the microwave oscillator efficiency. The capacitance data given in
Figure 69 shows saturation oi the capacitance at high voltages for 1016 n/cmz. This
saturation indicates that the space-charge region has reached the subctrate region,
eliminating the unswept region. In the unirradiated devices, therefore, the unswept
region at breakdown is roughly 1 um thick. The elimination of this region by radi-
ation would not be expected to produce the relatively large improvements observed
in oscillator performance.

The increase in space-charge width also increases the width of the drift re-
gion and consequently increases the magnitude of the negative space-charge resist-
ance. Indeed, pulse measurements of the space-charge resistance showed a marked
increase with neutron radiation. The magnitude of the effect could explain the mag-
nitude of the improvement in the oscillator performance. One would assume that
the increase in space-charge width would increase the width of the avalanche region
as well as the drift region. This would decrease the criticai frequency and reduce
ine magnitude of the active regative resistance; however, Fig.re 71 indicates that
the width of the avalanche region does not significantly change with radiation and
the above conclusion appears valid.

Another possible explanation for the improved oscillator performance is the
formation of avalanche current filaments in irradiated diodes. Filamentary conduc-
tion would increase the effective current densities, increasing w e and in turn the
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magnitude of the active negative resistance. However, we find no evidence in the
avalanche V-I measurements tnat filamentary conduction cccurs below 4 x 101‘5
n/cm2.
g. Summary

The effects of fast neutrons with integrated fluxes up to 1016 n/cm2 on both
dc and microwave characteristics of nearly-abrupt X-band avaianche diodes have
been studied. Good forward dc characteristics were observed up io 2 x 1015 n,’cmz.
At higher doses, the forward characteristics are degraded abruptly by the formation
of a thin intrinisc layer at the metallurgical PN junction. The thickness of the in-
trinsic layer and its effects on device behavior could be significantly reduced by
reducing the depth of the diffused junction.

At neutron fluences exceeding 4 x 1015 n/cmz, the avalanche breakdown voli-
age has a negative temperature dependence which results in a sharp degradation in
device reliability. The negative-temperature coefficient is thought io be a result of
an increase in the reverse saturation current by radiation damage or of changes in
the field profile.

Microwave oscillator characteristics — including oscillation threshold, power
output, frequency, efficiency, and FM aand AM noise — were virtually unchanged up
to 10%° n/cm2. At neutron fluences greater than 1015 n/cm?‘, the oscillation thresh-
cld fell and power output increased significantly (2 to 6 dB). The improvements are
attributed to widening of the drift-field region and to a reduction in width of the un-
sw~pt epitaxial parasitic resistance region. The greatest improvements occurred
for the lowest-output power devices. These results suggest the use of nuclear radi-
ation to tailor the defect concentrations and the field profiles of avalanche diodes to
achieve optimal structures.

Lower frequency avalanche diodes which would have lower impurity conceatra-
tions and wider space-charge regions will be less tolerant of nuclear radiation.
Nther trpes of avalanche diode structures, in particular the PIN structure, could
be more tolerant of radiation damage since the tield profile would be relatively un-
affected by the introduction of defects. Operation of avalanche diodes at higher cur-
rent densities than used in this study (500 A/cmz) can be expected to increase the
tolerable limit of neutron fluence because of inherent annealing of the neutron dam-
age. Avalanche diode microwave amplifiers should exhibit much the same radiation
tolerance as do the avalanche diode oscillators.
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V. CONCLEGSIONS

i0. COXCLSIONS

TE2 red Inminescence in Zn-and Cd-Zoped GaP has been sivdied and, 2t low
temperatnres, has bzen shown 10 b2 composad of two overlapoing bands wkose ori-
gins are relzted. The high-epergy bend arises from the decay of bomnd excitons zt
Z2-0 or Cd4-0 nearesi-neichber complexes, which act as electron traps. The low-
energy band 2rises from fransiions in which an elecizoa trzppzd on 2 Za-0 or C4-0
co=plex aznihilates 2 bole &rappzd on 2 Zn or C2 accepior. This recomb:ieziion
mechanism produces 2 pew {3ps of long-lived peir spectram which is characierized
by an 2bsence of any spactral chenges in time-resolved spectroscopy. This modal
is consistient wilh Zeemen and isciopic-sebstitntion experiments and accoonts for
the relzfive positions of ihe Sands. Decay time 2nd absorptior measurements yielded
the deasily of Zn-0 20d C4-0 complexes.

At low temperaiures, ibe intensity ratio of the pair and bovnd-excition tends
is éep=ncent upcn sample preparation ard excitztion intensity, which can be geali-
tatively undersicod. Regardless of the initial value of this ratio, the bound-exciica
emission bacomes dcmirant in the temperatore range between 60° and 12C°K. At
room temperature, the emission is 2lmost enlirely exciionmic. The accompanyirg
iarge charges In spectral and Hime-decay chzracteristics are semicmntitatively
explained by a theory based on the assumpiion of thermal eguifitrinm of holes
armongst te exciton-hole, acceptor, and valerce band stutes.

An anmalysis of 2 simple model for radiation-induced space-charge baildup in
the SiO2 layers of 340S structures has been carried cut. The model assumes that
hole-eleciren pairs are creaied in the 510, by the radiation and that some of the
elecirons ci ~ated by the radizticn drift out of the SIO2 layer uvnder ¢tk aciion of an
applied poteatial across the oxide, Vg, while the corresponding holes become
trapped. The diffusion of electrons is assumed to be negligible. The analvsis
predicts:

1. A dependence of charge buildup on radiaticn dose, D, approximately of

the form (1 - e’BD).

2. A linear dependence of the charge buildup on VG, for both polarities of VG'

3. The charge buildup depends on the total dose absorbed and not on the rate
at which the dose was received.

123

v ¥y



ORI S B SR R

T atd

Exparimentzi observations on the SEO2 lavers fonnd in canmercial MGS-FETs
skow good general agreement with the predictions M the amzlysis. To obizin gquanti-
tative agreement, however, it was necessary {0 2ssume thai the mobility-Lielime
procuoct for electrons in the oxide is much lower at the S‘ioz-Si icierface ihan at ke
SiOz-metz.l interface. Other discrepancies were observed but they can be explained
as the results of oversimplifications employed in the 2nalysis. In pariicular, it was
necessary to posinlate that ander some circumstarces diffesion of electroas oat of
the oxife was important and that, in zddition {o holes, a small mumber of electrocs
may be irappzd in the oxide in some cases. The space-charge was foard to accum-
ulate within<=2004 of the cathode-oxide interface.

Thermoluminescence glow-curve experiments revezled several facts regard-
ing way levels in simple $02 layers oa Si scbsirates. ZFresh, unirradiated zyers
apeareatly do rot beve 2 very high density of traps in the range 0.8 - 1.2 eV. After
2 large dose of (bso-gamma radiziion, five levels appear in this erergy range. The
levels do not 2l appear to balong to the same &rap strecture. With additional radi-
ation éose a2nd/or high-temperature znnealing (~650°C) the five discrete leiels
change to a continuzum of levels with 2 pezk corresponding {0 2 trap depth of ~1eV.

Thermally stimuizated curreat-glow curves from irradiated commercial
MOS-FETs ipdicate that in addition {0 2 nef posilive space-charge, radiatior also
produces a larger ceompeasated trapped charge in the oxide. The space-charge rep-
reseats ihe excess of trapped holes over trapped electrons. The electroas are
trapped in a coatinuum of levels ~1 eV below the SiO2 conduction band while the holes
reside in decper traps. The density of traps in the device oxide layers is inherently
very large (~1019 ;m'3) and does not appear to be altered significantly by quite large
doses ol Coso-gamma radiation.

A model is proposed for the thermally-stimulated current observed to fiow
through the irradiated MOS structure. It is postulaied that when the trapped elec-
trons are released thermally they recombine with trapped holes producing lumin-
escence. The iuminrescence is responsible for photoemission of electrons from the
electrodes into the oxide layer. The injection efficiency for the metal electrode
(Al or Cr) is much greater than for the Si electrode so that a net flow of electrons
through the oxide from the gate to the silicon is observed.

Studies were made of the effects of Coso—gamma and fast-reutron irradiations
on I-V and C-V characteristics of platinum-silicide/silicon Schottky barrier diodes
with a "guard-ring" structure. The forward and reverse characteristics, as well
as C-V characteristics, indicate that the metzal-semiconductor interface is virtually
insensitive to irradiation up to 108-rad gamma or 1015n/cm2. These results open
the way to the use of Schottky barrier diodes both as radiation-resistani devices and

124

T —————— S e 5 ————— - e m—m——r o Tt



i Yindigior |

Iy

TR VYT T Y

WYY

TR YT

P s m s S5 A 4

Casa iand

IS e s 4 L

2< 2 means of studying the changes in the bulk semiconductor and in the metal-
semiconducior interface states cansed by energetic radiation.

Open-circuit forward-voltage recovery (OCFVR) measuremenis were mads
on neuiron-irradiated PzN and PyN silicon diodes. No large dependence of life-
time on injecticn level was observed in coatrast w0 results otiained on bulk semi-
conductor samples. In the absence of injection-level dependence, these studies are
not vsefel in characterizing the recombization mechanism. OCFVR msaserements
made on diodes exposed to bursis of fast neutroas show that diffusion length recov-
ery a‘ter fast neutron irradiation is solely due {o lifelime recovery and does not in-
volve changes in carrier mobility.

C-V measurements Ga silicon diodes exposed &, aeatrons at 77°K show car-
rier remcval rates several times greater tkan room -temperatere irradiations.
Following minority carrier injection, the carrier removal rates are reduced to the
room-temperature valves. The capacitaace recovery, {ollowing injection, appears
to be due to minority carrier irapping at the edges of clustered damage regions.
Recovery eifects in depleted junction devices, such as junction field-effect transis-
tors, are expected to be much larger than in strongly injecting devices.

The effects of fast neutrons with integrated fluxes up to 1016 n/cm® on botk

dc and microwave characteristics of “rearly-abrupi™ X-band avalanche diodes were
studied. Good forward dc characteristics were observed upto 2 x 1015 n/cmz. At
higher doses, the forward characteristics were degraded abruptly by the formation
of a thin inirinsic layer at the metallurgical PN junction. The thickness of the in-
trinsic layer and its effects on device behavior could be significantly reduced by re-
ducing the depth of the diffused junction.

At neutron fluences excceding 4 x 1015 n/cmz, the avalanche breakdown volt-
age shows a negative temperature dependence which resulis in 2 sharp degradatioa
of device reliability. The negative temperature coefficient is thought to be a result
of either the increase in the reverse saturation current or the change in field profile.

Microwave oscillator characteristics including oscillation threshold, power
output, frequency, efficiency, and FM and AM noise were virtually unchanged up to
10%° n/cmz. At neutron fluences greater than 1013 n/cmz, the oscillation thresh-
old fell and power output increased significantly (2 to 6 db). The improvements are
attributed to widening of the drift-field region and to a reduction ir width of the "un-
swept’' epitaxial parasitic resistance region. The greatest improvements occurred
for the lowest output power devices. These results suggest the use of nuclear ra-
diation to tailor the defect concentraticns and the field profiles of avalanche diodes
to achieve optimal structures.
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APPENDIX A

GLOSSARY FOR SECTION

NS ““‘mm&n—; i

4
k
3
%

Axx effective Richardson constant linear heating rate A** effective Ric
cC constant of proportionality characteristic length for an C constant of p
C capacitance of the oxide laver exponential distribution of QR c ox capacitance of
ox (per unit area) =¢€¢€ o/xo width of Qp (per unit area)
D radiation dose {Mrads) ;.Ittgmg t-to-escape frequency = D radiation dose.
E electric field c'T E electric field
generation rate of radiation-
Et trap depth produced hole-eleciron pairs Et trap depth ¢
(T luminescence intensity as a in Si0, layer I(T) luminescence
function of temperature Planck's constant function of te. :
J current density Boltzmann's constant J current densi
N effective density of states in . N effective densi
¢ the conduction band c-eifecuve mass of.electron ¢ the conduction
N density of electron traps giété:rloczi]esnsuy of trapped Ny density of elect
P(x,t) density of trapped holes density of free electrons Z(x, t) density of trap
Q radiation-induced space-charge <14 radiation-indu
R inSi0, layer probability of escape R insi0, layer |
Qy charge induced on metal gate magnitude of electronic charge Qu charge induced
Qg charge induced in Si surface thermal velocity of an electron Qg charge induced
by QR in the conduction band by QR ;
St capture cross section of trap transverse distance in SiO2 St capture cross
T absolute temperature g’é;r _I%?aii‘ggiai?m the T absolute terpe
T ‘mt‘a“_temper ature 6 Dirac delta function To initial temper
v potential € dielectric constant of Si v potential ‘
Vi forward voltage € dielectric constant of SiO, :;f fort';v ar:lV:::g
v, otential differe acro otential diffe
G gioznlzlxyer erence across £ pern‘u-ttlwty of free space G IS)iOZ layer 3
AV voltage shift of MOS capacitance- ¥ E;gb‘hty of free electrons in AV voltage shift of:
voltage curve caused by Qg Nt . voltage curve cj
X oxide thickness lifetime of free electrons in < oxide thickness
dBn Barrier height




Rl distribution of @y,
p-escape frequency =

k rate of radiation-

's constant
ass of electron
jsity of trapped

Ffree electrons
 of escape
J.of electronic charge

distance in SiO,
sured from the

A*x

APPENDIX A

GLOSSARY FOR SECTION I

effective Richardson constant
constant of proportionality
capacitance of the oxide layer
(p2r unit area) =c¢ o/xo
radiation dose (Mrads)
electric field

trap depth

luminescence intensity as a
function of temperature

current density

effective density of states in
the conduction band

density of electron traps
density of trapped holes
radiation-induced space-charge
in §i0, layer

charge induced on metal gate
by Qg

charge induced in Si surface
by Qp

capture cross section of trap
absolute temperature

initial temperature

potential

forward voltage

potential difference across
SiO2 layer

voltage shift of MOS capacitance-
voltage curve caused by QR

oxide thickness

™ ™ m O H  d T Q

b~

linear heating rate

characteristic length for an
exponential distribution of QR

width of QR
attempt-to-escape frequency =
NcSTv

generation rate of radiation-
produced hele-electron pairs
in 8102 layer

Planck's constant
Boltzmann's constant
effective mass of electron

initiai density of trapped
elecirons

density of free electrons
probability of escape
magnitude of electronic charge
time

thermal velocity of an electron
in the conduction band

transverse distance in SiO2
layer measured from the
SiO2 - Si interface

Dirac delta function
dielectric constant of Si
dielectric constant of 3102
permittivity of free space
mobility of free electrons in
SiO2

lifetime c{ free electrons in
SiO2

Barrier height

133

TR Y e L e LI S

iad 0 ML sAPNL

aha N b b 1 M ks

Mot a2 kst A




APPENDIX B*
INITIAL EQUILIBRIUM FREE ELECTRON DENSITY

Consider the situation shown in Figure 2. Since there is initially no space-
charge present in the oxide, E is uniforin throughcut the oxide and of magnitude
VG/Xo (VG/xo z 10° V/cm). At any point x in the oxide, the free electron density,

n(xj, is given by the continuity equation

’

ot i ox

n En
_n.z(-—)éy.—o +

Sl wy

EFIYN

sukita

LA VAl s v

PSR

2
3°n
s 1
.2 (1)
3x

Since the electric field in the oxide is quite large it will be assumed that diffusion

is negligible compared to drift, i.e., D ~ 0. It will also be assumed that no space-

charge accumulates and hence E remains constant during the time required for n
to reach equilibrium, (on..t) = 0. Using (1) the initial distribution of the free electron

density is given by

uE

V
where E = - G
Xo

Since the Si cannot supply electrons to the oxide, n(0) = . Using this boundary con-

dition the solution of (2) is easily found to be

n(x)=g7 [1 - exp (—

where a =

1 'rVG

*This appendix supplement Part 4 of Section II.
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APPEXDIX C~

tn

LECTRIC FIELD IN THE OXIDE AT x = X ) AT ANY TDME

Figure 3 illnstraies the siteatiion in the MOS structure zi any time . The
purpese of tnis Appendix is 10 éerive an expression icr ihe fleld, E, i the oxade at
x = X, in terms of the space-cinrge Quit). E is uniform for d = x =< X since there
is ps space-charge in this region. in the region 0 < x =d Poissor's eguation gqives

-9 -
aV _ -2 pi.y )
.2 cs
ax 0
Integratioz of %) yields
X
& .2 | pitkx-A )
ax £g, 0

where .=.=§1 = —E(0)
dx ==0

it is easily showa by using Causs’ 1aw and (1) that

I CRORC] 5
Eio J

Now Q,,(t) will be the sem of the charge on the metal electrode at t = 0, namely
CoxV g 2nd the charge induced by QR(t), i.e.,

d

Qld =C Vg - @ ] X Plx, tyix 4)
0 [s]
Combinirg (3) and (4) we have
d d
iC V.- X
q P(x, t)dx - Cox"G g [ Xo P(x, t)dx
A=-E@0)= —9 0
€gq

*This appendix supplements Part 4 of Section I.
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Substituting for A in (2) we obtain

E(X,; = E(d = - &
*ix=d
d
4
ngo)=-—c‘- -4 [ = P(x,t)dx
X0 850 0 0o
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APPENDIX D

GLOSSARY FCR SECTION [V

cross sectional area

capacitance of the total deple-
tion zone

electric field

energy of conduction band edge
Fermi level energy

energy band gap

intrinsic Fermi level energy
energy of trap level

energy of valence band edge

reverse current space-charge
generation term

reverse saturation current
dc current density
lifetime damage constant
ambipolar diffusion length
acceptor concentraiion
donor concentration

density of states in conduction
band

density of traps

series resistance
space-charge resistance
temperature

base width-to-diffusion length
ratio

width of intrinsic region
total impedance

V-1

Boltzmann's constant
avalanche region width
drift region width

density of free electrons
density of intrinsic carriers
initial density of free elections
density of free holes

initial density of {ree holes
electronic charge

time

driit velocity

electron thermal velocity
hole thermal velocity
ionization coefficient
dielectric constant
wavelength

neutron fluence

hole mobility

electron mobility

electron capture cross section
hole capture cross section
lifetime

initial lifetime
high-level-injection lifetime
low-level-injection lifetime
electron lifetime

hole lifetime

electron lifetime in heavily
doped P-iype material

hole lifetime in heavily doped
N-type material

frequency of operation
critical resonance frequency




plectrons
ic carriers

free elections
oles

free holzs
e

velocity
ocity
cient
ant

Ey

P cross section
pss section

rtion lifetime
Lion lifetime
e

e in heavily
aterial

heaviiy doped

ration
ce frequency

APPENDIX D

GLOSSARY FOR SECTION IV

cross sectional area

capacitance of the total deple-
tion zone

electric field

energy of conduction band edge
Fermi level energy

energy band gap

intrinsic Fermi level energy
energy of trap level

energy of valence band edge

reverse current space-charge
generation term

reverse saturation curreat
dc current density
lifetime damage constant
ambipolar diffusion length
acceptor concentration
donor concentration

density of states in conduction
band

density of traps

series resistance
space-charge resistance
temperature

base width-to-diffusion length
ratio

width of intrinsic region
total impedance

A

Boltzmann's constant
avalanche region width
drift region width

k-2 I~
.

> m R -
|~a’°q=q=}:,c': 1N o 5% ot a o

S JEN

-3

10

density of free electrons
density of intrinsic carriers
initial density of free elections
density of free holes

initial density of free holes
electronic charge

time

drift velocity

electron thermal velocity
hole thermal velocity
ionization coefficient
dielectric constant
wavelength

neutron fluence

hole mobility

electron mobility

electron capture cross section
hole capture cross sectio.
lifetinr

inliic: lifetime
hizh-level-injection lifetime
low-level-injection lifetime
electron lifetime

hole lifetime

electron lifetime in heavily
doped P-type material

hole lifetime in heavily doped
N-type material

frequency of operation
critical resonance frequency
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* This article appeared in the Physical Review 166, No. 3 (15 February 1968)

pp. 754-1756.

ATTACHMENT I

NEW RED PAIR LUMINESCENCE FROM GaP*

by

C. H. Henry
P. J. Dean
J. D. Cuthbert
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Reprinted from Tur Puvsicat Review, Vol 165, No. 3, 754-756, 13 Febrrary 1968
Pzl b U.S A

New Red Pair Luminescence from GaPf
C. H. Hxzy axd P. J. Dzax
Bell Telepkene Ledorciories, Murrey Bill, Now Jersey
AND

J. D. Comazzxr
Bdl Teleprone Ledoreteries, Whippesy, Neo Jersey
(Received 31 Avgest 1957)

We report optical experiments showing that the low-tezzperature red lumisescence in GaP doped with Cd
(or Za) 200eptors arises in two ways: (2) from the recombination of electrozs bound to neiral complexes
involvisg Cd (or Za) 223 O, with boles trapred a2 distant Cd (o Za) 20ceptors producing pair spectra with
oovel properties; (b) from the decay of an exciton bound at these coxplexes, 2s recently reported

by Xorgan o o. Zeeman and isotopic shift expesi

wkich provide information about the symmeiry

axis, destronic strocture, 22d chemical identity of the exGitoo-impurity complex are also discussed. The
coccentrations of the ceutral complexes in Za- 20d Cd-doped GaP have been estimated from absorption
oezsurements usag oscllator streagiks desived from the measured decay Ume of the exciton luminescence.

N the past several years there has beca an intensive
effort to understand the origin of the red lumin-
escence in GaP. Gershenzon ef 6132 and Nelson® have
atiributed this luminescence to pair recombination
involving the deep donor oxygen and the shallow
acceptors £d and Zn. In a recent paper, Morgan,
Welber, and Bhargava® {MWB) reported a structured
red luminescence in Cd- and O-doped GaP. This
spactrum is characteristic of the recombination of an
electron and hole trapped on 2 sipgle site (bound
exciton), rather than their recombination a2t donor-
acceptor pairs distributed on different sites. They have
attributed this decay to an exciton bourd to Cd and O
nearest neighbors. We have independently discovered
this exciton luminescence and in this paper repert (a)
experiments determining the symmetry, level structure,
lifetimes, and concentration of the exciton site, and
verification that the center binding the exciton involves
both Cd and O; (b) experiments showing that a sscond
relatively featureless band, at slightly lower energies,
exhibits a decay characteristic of recombination at
electron trap-acceptor pairs of variable separations. We
present strong evidence that this pair luminescence
results from the recombination between holes at isolated
Cd (or Zu) acceptors and electrons at the complex
described zbove which behaves as a deep neutral
electron trap. Unlike previously reported pair transi-
tions,* the pair spectrum does not contain a Coulomb
shift [see Eq. (1), below].
{ Research sponsored in part by the Cambridge Research
Laboratory, Otics of Aesespaow Research, under Contract No.

AF19628-67-C0147.
1 3. Gershenzon, F. A. Trumbore, R. M. Mikulyak, and M.
Iowa]chikx,;{. Appl. Phys. 36, 1528 (1965).
$ M, Gershenzon, F. A. Trumbore, R. M. Mikulyak, and M.
Kowalchik, J Appl. Pbys. 37, 483 (1966).
3D, F. Nelson and K. F. Rodgers, Phys. Rev. 140, A1667
1965y.
( ‘T., N. Morgan, B. Welber, and R. N. Bhargava, preceding
paPer, Phys. Rev. 166, 751 (1968), hereafter referred to as MWB.
See, e g., J. J. Hopfield, D. G. Thomas, and M. Gershenzon,
Phys. Rev. Letters 10, 162 (1963}, F. M. Ryan and R. C. Miller,
Pbys. Rev. 148, 858 (1966).

The exciton luminescence at 20°K [Fig. 1(a),
curve I] shows 2 zero-phonon line A, followed by
phonon replicas. The A transition is frozen out on
cooling from 20 to 1.6°K, and a new transition B
appears. Transition B is forbidden and can only be
observed if strain or magnetic field 2re present, as
shown in Figs. 2(2) and 2(b). Lines A and B both split
anisotropically in a magnetic field. The splittings of the
B line are shown in Fig. 2(d). The data were fitted by
the solid theoretical curve assuming the site binding the
exciton has a2 (111) symmetry ads, that the escited
states can be split into two levels, that the ground state
is a singlet, and that the levels only split when 2 com-
ponent H is parailel to the symmetry axis [see Fig.
2(c)]. The magnitude of the splitring was adjusted to
fit the data for H along [100]. Th magnetic splittings,
the fact that the B transition is forbidden, and the
dependence of the intensity of the B transition on H
can be predicted on the basis of a simple model which
assumes that the exciton is formed from an electron
with J,=-£4/ and a hole with J,= =34, where J, is the
angular momentum along the symmetry axis. From
this apalysis, we find g,=1.8220.20 and £=0.93
20.03, in agreement with values obtained from Zeeman
studies of much shallower bound exciton complexes in
GaP.t These level assignments differ from those of
MWB, which could not explain our data.?

The most striking features of the exciton spectrum
are the narrow vibrational sidebands spaced by 7.0
meV. In crystals doped with Cd'* and Cdi* we have
founa an isotope shift for this vibrational energy of
(1.36:0.20)%, i.c., § as large as the shift expected for
Cd vibrating alone. We also observe a shift of the zero-

¢ D. G. Thomas, M. Gershenzon, and J. J. Hopfield, Phys Rev.
131, 2397 (1963).

" MWB assign level A to be a triplet and level B to be a quartet.
We find experimentally that these levels are cach doublets. For
H =0, MWB's assignments predict five nondegenerate transitions.
We find only two transitions (A and B), each of which are 0.2-meV
wide at 4°K. The no-Fhonon lines observed by MWB were 0.75
meV broad, because of instrumental broadening.
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¥ic. 1. (a) Curve I (Cd-O) exciton laminescence, curve II
(Cd-0)-Cd pair luminescence. These bands were of comparable
intensity; (b) curve I (Zn-0) exciton luminescence, curve Il
(Zn-0)-Zn pair luminescence; fc) level diagram shoaing the
exciton and pair decays for Cd-doped (aP; (d) shift of the
(Cd-0)-Cd pair luminescence versus the shift in the Cd-S pair
Juminescence with time after pulse excitation. The shifts were
measured at the high-energy side half-maximum of each band. I
the electron trap giving rise to the red Eai- Iuminescence was an
ordinary ionized donor such as O~, both the red and green paic
bands would have shifted by comparable amounts 3 indicated by
the dashed line.

phonen line A of 0.65 meV to higher energy in samples
containing O'*. This result agrees with the ovygen-
isotcpe experiment performed originally by MWB.2 No
shitts were observed in the other phonon replicas. This
is not consistent with phonon assignments of MWB,
who take the 48-meV mode to be a vibration involving
the O atom.

The exciton decays exponentially with a decay time
of 90 nsec from level A and 560 nsec from level B. From
these lifetime measurements and from the measurement
of the exciton absorption spectrum® (not shown), we
find 2 maximum concentration of about 2X10' ¢m™?
for the complexes in Cd-doped crystals.

Spectrum 1I in Fig. 1(a)® is long lived and decays
nonexponentially in a way that is :hracteristic of pair
spectra.l® We have followed its decay- to 10 msec. The
band has a shape and half-width that are very similar
to the exciton spectrum if the phonen fine structure in
the latter is smoothed out.

We are also able to distinguish exciton and pair bands
in the Zn-doped crystals, as shown 1n Fig. 1(b). The
lumincscence was excited with 4880 A light of an argon
ion laser beam having a power of 40 mW. By focusing
the laser beam, we were able to saturate the pair band

$ We were motivated to repeat this expenment because the zero-
phonon hine reported by MW R was broad, making tt difficult to
chch7 for O 1sotope-induced shifts 1n the phonon replicas. (See
Ref

3 This spectrum was most casly observed in crystals cooled
rapidly from 800°C after growth. Such i, stals contain relatively
high concentrations of free Cd acceptors.

© D, G. Thomas, J. J. Hopfield, and W. M. Augustyniak, Phys.
Rev. 140, A202 (1965).
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F16. 2. (3a) (Cd-O) exciton luminescence at 4°K with H=0;
(b) (Cd-0) exciton lun incscence at 4°K with i/ =31 kg The six
components resuit from the center having different orientations
with respect to H. Transition B s forbidden for /f =0 and has an
intensity proportional to the square of the component of If
perpendicuiar to the [111] symmetry aus of the Cd-O complex,
(c) level diagram; (d) sphtungs of transition B versus direction
of H as Il was rotated in a planc perpendicular to the [0i1]
direction,

and observe the exciton band. The exciton spectrum
has weak vibrational sidebands on the high-energy side,
with a spacing of 6.0 mcV'. The zero-phonon line is not
observable, presumably because of large phonon
coupling. The exciton and pair bands are even more
clearly distinguishable in time-resolved spectra and
are then scparated by 2522 meV. Optimally, Zn- and
O-doped crystals' contain up to 3X10' ¢cm™ of the
Zn-0 complexes.

The relative positions of the pair bands and exciton
bands, shown in Figs. 1(a) and 1(b), can be explained
by the level diagram in Fig. 1(c). If the Cd-O complex
only traps an clectron, pair decay can occur in which
this clectron recombines with a hole on a distant Cd
acceptor. The exciton band and the pair band should
have roughly the same shape {as observed), because
the phonen couphng wil' be determined primarily by
the deeply trapped electron. The energy scparation
between the pair band and the exaton band 1s E4—Ey
[=ee Fig. 1(c)]. We¢ measure this scparation to be

! Optimum doping condition for the red luminescence in Zn-

doped GaP are discussed in Ref. 1.
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606 meV for Cd-dopad crystals and 25:£2 meV for
Zn-doped crystals. The acceptor binding cnergies are
kiiown to be E4(Cd)=95::2 meV ~nd Ex(Zn)=062+:2
meV.2 Thus for the Cd-O exciton Ey=35+8 meV and
for the Zn-O exciton Ey=37:t4 meV. We expect the
hole to be bound to the trapped electron by an effective-
mass binding energy, reduced by about 5 meV because
the holc is not bound to a point charge and in addition
by 5-10 meV because of the repulsion produced by the
same short-range (non-Coulomb) potential that attracts
the electron. If we take .i.e <ffective-mass energy to be
the same as the bindin, energy of the weakly bound
Si acceptor, E4(Si)=46 meV,2" we would predict
Ex=31-36 meV, <lose to our experimental values.

The Zn pair baud is more than 484 meV higher in
energy than the Cd pair band (at 20°K).}¢ If the electron
were trapped on the same site in both cases, we would
expect the pui bands to be separated by E,{Cd)
— E4{Zn)=33 meV. We must conclude that the binding
energy of the electron giving rise to the pair spectra
changes in going from Zn-doped crystals to Cd-doped
crystais. This result is consistent with the model and
weighs against the idea that the electron is trapped on
the neutral donor oxygen,}*3:!% or at any electron trap
which is independent of the nature of the acceptor.

We have heated Cd-doped crystals at 1000°C for
several minutes and then cooled them rapidly to room
temperature. This treatment caused a reduction of
3-10 in bothk the exciton and red pair luminescence
relative to the green pair luminescence. This is further

2 P. ], Dean, J. D. Cuthbert, D. G. Thomas, and R. T. Lynch,
Phys. Rev. Letters 18, 122 (1967).

% Evidence will be presented in a forthcoming paper that the
shallow acceptor attributed to Si in Ref. 12 is in fact due to C.

3 Since the phonon interaction is stronger in the Zn pair band,
the vbserved separation of 48::4 meV between the pair bands
tends to underestimate the difference in Ex-+Er between the two
spectra and therefore underestimates the discrepancy with the
model in which the ionization energy Er of the clectron trap is
invanant.

1 Remote pair transitions involving isolated deep O donors

have recently beer discovered in the near infrared (~1.5 ¢V);
P. J. Dean, C. H. Henry, and C. J. Frosch (unpublisbed).
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cvidence that the pair and exciton luminescence involve
a common site which dissociates upon heating the
sample to 1000°C.

In ordinary donor-acieptor pair recombination, the
decay energy kv is given {aside from phonon coopera-
tion) by

hr=Epy—=Ea~Ep+éfer 1
for pairs of sufficiently large separation r.**¢ This de-
pendence on r causes the more closely spaced pairs,
which decay first, to have higher energy. As a result,
2fter pulse excitation, the high-energy side of the pair
spectrum shifts with time to lower e¢nergies. In our case,
the clectron is trapped at 2 ncuiral complex and the
equation for the decay encrgy does not contain the
Coulomb term. This is conclusively verified by the data
in Fig. 1(d). No shift with time was observed for the red
pair band within the experimental error of %3 meV,
while the greer (Cd-S) pair band shifted by 47 meV
under identical experimental conditions. A similar result
was observed in Zn-doped crystals.

The deep electron trap has been shown to involve
both Cd (or Zn) and O, has (111) symmetry, and is
neutral with no unpaired spin. A possible model is a
nearest-neighbor Cd (or Zn)-O substitutional pair, as
proposed by MWB, The exciton transitions are equiva-
lent to the recombinations at nearest-neighbor O-Cd
(or Zn) donor-acceptor pairs. The model proposed by
MVB has been further strengthened by the recent ob-
servation of discrete transitions, accurately described by
Ea. (1), at remote pairs of these donors and acceptors.'*

We wish to thank C. J. Frosch, R. T. Lynch, and
F. A. Trumbore for sample preparation; R. A. Faulkner,
D. G. Thomas, and J. J. Hopfield for helpful discussions;
and E. I. Gordon for providing an Ar* laser tube. We
are grateful to T. N. Morgan for providing the M\WB
paper prior to publication.

1 D. G. Thomas, M. Gershenzon, and F. A. Trumbore, Phys.
Rev. 133, A269 (1963).
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TEMPERATURE DEPENDENT RADIATIVE RECOMBINATION
MECHANISMS IN GaP (Zn,0) and GaP (Cd,0)*
by
J. D. Cutnbert

C. H. Henry
P. J. Dean
i
* The contents of this Attachment will be published in the Physical Review *
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TEMPERATURE DEPENDENT RADIATIVE RECOMBINATION MECHANISMS
in GaP(Zn,0) and GaP(Cd,0)

Abstract

Henry et al. have shown that the low-temperature red luminescence in both
GaP(Zn,0) and GaP(Cd,0) is composed of a bound-exciton band overlapped at lower
energies by a new type of long-lived pair band. This paper desecribes a study of the
temperature dependence of the spectral positions and time-decay characteristics of
these red bands. The samples were excited with electrons from a pulsed accelera-
tor, and tne bands were studied by time-resolved spectroscopy in the range 1.7° to
300°K. At low temperatures, the intensity ratio of the pair and bound-exciton bands
is dependent upon sample preparation and excitation intensity. Regardless of the
initial value of the ratio, the exciton emission becomes dominant in a transitional
temperature range between 60° and 120°K. At room temperature the emission is
almost entirely excitcnic. The accompanying large changes in the spectral and
time-decay characteristics are semiquantitatively explained by a theory based on
the agsumption of thermal equilibrium of holes amongst the exciton-hole, acceptor,
and valence band states. Luminescence excitation measurements in GaP(Zn,0) were
used to estimate the concentrations of Zn-O complexes which were correlated with
relative luminescence efficiencies and melt compositions.

1. INTRODUCTION

Recent studies'’®*’ of the low-temperature red Inminescence in galliim phos-
phide doped with Zn and O or Cd and O [GaP(Zn,0) and GaP(Cd,0), respectively]
revealed that, in both cases, the emission is composed of two overlapping bands.
Previous investigators were unaware of this major con*plication.“’S:6 The recent
experiments established that the red bands arise from the formation of nearest-
neighbor Zn-0O or Cd-O donor-aceeptor pair complexes. The concentration of these

"?5.611. Henry, P. J. Dean, and J. D. Cuthbert, Phys. Rev. 166, (Feb. 1968} pp. 754~

“T. N. Morgan, B. Welber, and R. N. Bhargava, Phys. Rev. 166, (Jan, 1968) p. 751.
P. J. Dean, C. H. Henry, and C. J. Frosch Phys. Rev. (to be published).

‘M. Gershenzon, F. A. Trumbore, R. M. Mikulyak, and M. Kowalchik, J. Appl. Phys.
36 (1965) p. 1528 and J. Appl. Phys. 37 (1966) p. 483.

*D. F. Nelson and K. F. Rodgers, Phys. Rev. 140 (1965) p. A1667.
°J. A. W. Van der Does de Bye, Phys. Rev. 147 (19€6) p. 589.
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nearasi-neighbor substitutional complexes is much greater than anticipated for z
random distribution of donors and acceptors and indicates that preferential pairing
occurs on the rearest-neighbor sites.” The Cd-O and Zn-0 complexes act as deep
electron traps. After trapping an electron at low temperatures, the complex be-
comes negatively charged and can trap a hole by coulomb attraction. The electron
and hole then decay as a bound exciton and produce the ''bound-~excitor band.” If a
hole is not trapped, the electron will eventually recombine with a hole on 2 distant
acceptor. This recombination results in the ""pair band" lying somewhat lower in

energy than the bound exciton band. The energy levels and transitions are indicated
in Figure 1,

CONDUCTION BAND

ACCEPTOR-0OXYGEN
ELECTRON TRAP
Egap
Er— - -
Ea ACCEPTCR LzZVEL
Eex—s-EXCITON HOLE LEVEL

177777777777 77777777
VALENCE BAND

Figure 1. Energy level diagram showing the transitions that give rise to the bound
exciton and pair luminescence bands in GaP{(Cd,O) or GaP(Zn,0). Elec-
trons are frapped at Cd-O or Zn-O complexes. Holes are trapped eilser
at free Cd or Zn atoms (level E A) or at negatively charged Cd-Oor Z. O

complexes (exciton-hole level E ex)'

In contrast with the bound exciton luminescence, the pair luminescence per-
sists for long times after pulse excitation and, in this respect, resembles the well-
known "green" donor-acceptor pair recombination in GaP.? In the red pair bands,
however, there is no electrostatic energy contribution e2/ er to the photon energy,
so that the distinctive series of sharp lines normally present in donor-acceptor
pair spectra is missing.

"From the intensity of the Zn-O infrared pair band and the satur::tion of this band
it is estimated that the concentration of isolaied oxygen is less than 5 x 10]"7

atoms/cms. Therefore the concentration v. 5 x 1016 Zn-0 nearest-neighbor pairs,
reported later in this paper, must be due to preferential pairing.

®D. G. Thomas, M. Gershenzon, and F. A. Trumbore, I’hys. Rev. 133, (1964) p. A269.

II-3

Pebihe.

o AKQE A AN dbe g e kgt AR

TR TR ¥ 07

SUPIL YRR T AP +)

PAN ehdcas ¢ aAant e (v kel el o S Dea L0

SRt YR AT TR § L CTERRW SO VU SURUIRAR]

TR

4

B hk

G ST et Lk A RO S I LW s VORI 220 Men S I e IUNEAL




v

o T

7 i st wymem b b

L e e s e

[

The pair band 2nd the bound-exciten band are broedenad primarily by the
phoncen coupling of the éeepiy irapped eleciron, so that both bands have approximately
the same shape and ~135-meV hali-mdth. Thev are separared by the difference in
the bindiry enc gi *s of z hole trapped an 2an excitca or on am 2cceptor. The small
energy separadions, 25 meV for GaPi{7- J) and &) meV for CaP{Ce,0) result in ex-
tensive overlap of the bands.

Tais paper describes a detailed stirdy of the temperature dependence of the
spectsal position 2nd dme-decay characterisics of the red luminescence. At low
temperatures, the inteasity spectrum is quite sample édependent. Whetker the red
luminescence 1s dominated by the pair band or bound-excitua band depends upon the
nrnber of revtral 2cceptors avzilabie for pair éecay. In generzl, low acceptor com-
centrations favor ihe bound-exciton bend ard high coicentradoas, the pair band.
Because the daasily of exciton-hole states is prupordonzl o the excitaticn intensity,
the intensity spectrum at any acceptor cozcentration cepends on the excitation in-
tensity. Therefore, intense excitziion {avors the bouxzd-exciton band znd weaXk ex-
citaticn, the pair bend. In heavily p-iype GaP(Zn,C) it is believed that hole-
tunzellirz effects cause the bosurd exciton decay to comirate the lumizescence even
for weak excitation.

At high temperaiures, up to 309°K, the dme-decay characteristics and speciral
position of the red luxdnescence show that the bound-exciton bend dominates e
emission of both GaP(Cé,0) and Ga2P{Zn,2} crystals regardless of acceplor concen-
tration and excitation intensity. This is explained by the much izrger trazsition
procahility fer exciton Grer pair decay and by the assumpiion of 2 theriaal ecuilib-
rium distribution of holes amorng ihe hole states at elevaied {emperatures.

Also discussed are absorption spectra of the bourd-exciton transjtions obtaineéd
by iuminescence excitation and measurements of the red-luminescence eificiency.
These measurements have provided informaticn on the densities ¢f Cd-0O and Zn-O
complexes and insight 1nto the doping conditions for optimal luminescence efficiency.

2. EXPERIMENTAL TECHNIQUES

Time-resolvecd specira and luminescence decay times in the liguid hydrogen
and helium ranges were recorded in the following manner:" The samples were re-
petitively excited in the reirigerants by 100-asec electron puises irom a Van de
Graaff accelerator operating at 300 keV. The maximum current density at the
sample was about 0.1 A/ cm2. The luminescence pulses were dispersed by a
Spex {/6.8 scanning spectrometer and detected at the output slit by an RCA 7102

°J. D. Cuthbert and D. G. Thomas, J. Appl. Phys. (Feb. 1968).
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photomultiplier. The S-1 photocathode ard blaze of the grating provided a spectral
response constant to within 10 percent over the red wavelength range. The photo-
multiplier output was displayed on a2 Tetronix 564 Sampling Gscilloscope triggered
coincidentally with the arrival of the electron pulses at the sample. For time-
resolved specira, the analog ouiput cf the oscilloscope, proportional to the lumines-
cence intensity I(t) at a2 time t defined by the setting of the sampling window, provided
the Y deflection and the waselength analog voltage from the spectrometer provided
the X axis deflection of an X-Y recorder. Luminescence decay curves for a given
specirometer wavelength seiting were obtained by using the same arrangement but
with the time analog voliage from the sampling oscilloscope applied to the X axis of
the recorder.

Although the overall luminescence efiiciency of tlge samples was usually high,
the large breadth of the red bands compared with the TA resolution used for record-
irg the spectra resulted in reladively weak photomuitiplier signals. The necessity
of usirg a photomultiplier detector with an S-1 photocathode having a quantum effi-
ciency of less than 1 percent accentuated this problem. it was therefore found
desirable {o sometimes reduce the bandwidth of the system to provide more sensi-
tivity by using 2 cathode follower and variabie load resistors at the photomultiplier
output. Care was exercised not to distort the pulse shape in the ime interval of
interest.

The study of samples at temperatures in the range between 20° and 300°K was
facilitated by a speciallv constructed variable temperature dewar. The samples
were again excited by energetic electrons which passed into the dewar thrcugh a
stainless steel window. The samples were maintained at a given temperature by
forced convection of helium gas at the appropriate temperature. Piiot experiments
showed that this scheme enabled the heat dissipated in the sample tc be effectively
removed.

3. CRYSTAL DATA

The crystals of GaP{Cd,0) and GaP(Zn,0) were grown by cooling Ga-rich
solutions in sealed evacuated vitreous silica tubes.”® The acceptor concentration
was varied by changing the percentage of acceptor added to the meit. The O’content
was varied by adding Ga203 to the meit. Invariably O is also present as a natural
impurity in the starting materials, so that the total O concentration is incompletely

%See, for example, J. F. Miller in "Compound Semiconductors,” edited by R. K.
\(Villa;'dson and H. L. Goering, Vol. i, Chap. 23, Reinhold Publishing Corp., N.Y.
1962).
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controlled. Although the distribution coefficient for Cd between Ga and GaP is un-
known, the solubility of Cd is much smaller than Zn in GaP. Barrier capacitance
measurements show that the amount of Cu was not greatly in excess of the donor
contaminrants; sulphur is the major inadvertant donor impurity.

When the Cd-doped crystals were slowly cooled to room temperature after
growth, bound-exciton decay dominated the low-temperature red luminescence. On
the other hand, when the Cd-doped samples were rapidly cooled after growth from

800°C to room temperature, the pair recombination dominated the red luminescence.

It is believed that slow cooliug reduces the number of isolated Cd acceptors. At
present the fate of these acceptors is uncertain. It might be theorized that this re-
duction in the acceptor concentration results f{rom an increased pairing with O
donors, but absorption measurements did not confirm this. Decreasing the number
of Cd acceptors decreases the pair luminescence relative to the bound-exciton
luminescence. Although observable, these effects are less prominent in Zn-doped
samples, especially at high acceptor concentration, probably because Zn is much
more soluble in the GaP lattice than Cd.

4. RESULTS

a. Bound-Exciton Decay Times in GaP(Cd,Q) and GaP(Zn,0)

The decay time of the bound exciton was studied in several slow-cooled crys-
tals of GaP(Cd,0). Slow cooling emphasizes the bound-exciton band relative to the
pair band. Further discrimination against the pair band was obtained by choosing
a spectrometer wavelengih setting corresponding to the prominent zero-phonon line
or first phonon replica. Figure 2 shows that the decays are exponential and have
values of 560 and 330 nsec at 1.7° and 20°K, respectively., Many of the crystals
showed a small post-excitation increase in luminescence lasting about 15 ngec. The
luminescence efficiency remains constant in this temperature interval, so it is con-
cluded that the change in decay time results from thermalization between the bound-
exciton A and B states’ which are separated by an energy of 2.1 meV. A straight-
forward calculation, based on these experimental values and Equation (1) in
reference of footnote 11, yields the decay time values 7 A= 0.1 psec and g = 0.6
psec.

For GaP(Zn,0) it is not possible to discriminate spectrally against the pair
decay because of the overlap of the pair and bound-exciton bands and because of the
absence of sharp lines in the latter. Slow-cooled, rather strongly excited crystals

"J. D. Cuthbert and D. G. Thomas, Phys. Rev. 154 (1967) p. 763.
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Figure 2. Fluorescence time-decay characteristics for two slow-cooled crystals
of GaP(Cd,0) and GaP(Zn,0). For GaP(Cd,O) the zero of time is taken
15 nsec after the end of the exciting electron pulse. For GaP(Zn,0) the
zero of time is at the end of the exciting pulse.

afford the best chance of observing the true excitonic decay time. Under such con-
ditions the density of exciton-hole states is high, thereby enhancing the bound exciton
band.

TFigure 2 shows that the decays at 1.7°K and 20°K are similar and reasonably

exponential. No post-excitation increase in luminescence occurred in these crystals.

Assuming that the i-j splitting of the A and B states is roughly equal to that in
GaP(Cd,0), the lack of any temperature dependence due to thermalization between
A and B states implies a large degree of mixing between these states. The data
indicate a value for 7 A ©of about 100 nsec.

For both GaP(Cd,0) and GaP(Zn,0) the slight sample dependence of the time-
decay characteristics is attributed to the variable contribution of the long-lived pair
luminescence.

b. Temperature Dependence of Luminescence Decay Curves and Time-Resolved
Spectra for GaP(Cd,0)

Figure 3 shows the temperature dependence of the time-resolved spectra from
a fast-cooled sample of GaP(Cd,0). It may be assumed that the bands have the same
change in energy with temperature as the indirect band gap. According to this
assumption, the arrows in the figure indicate where the peaks of the bound-exciton
band weculd be expected {o lie at high temperatures. As explained in the previous
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Figure 3. Normalized time-resclved spectra as a function of the temperature of
a fast-cooled crystal of GaP?Cd,O). The exciting-electron beam-current

density was about 0.05 A/cmz. At 16°K the arrows show the energies of
the clearly resolved pair and bound exciton bands. The arrows at higher
temperatures show the expected energy position of these peaks after the
variaticn in band gap energy is allowed for.
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section, fast-cooled crystals have a larger fraction of pair luminescence, which was
desirable here. At temperatures up to 46°K the pair and bound-exciton bands are
clearly resolved. At 60°K the bo:id-excitor band appears almost unchanged in
energy although the sharp phonon sidebands have become thermally 2roadened to the
extent that they are almost unresolved. The pair peak, however, has shifted distinc-
tly to higher energy. Between 60° and 80°K the two bands have merged into a single
spectrum located at an intermediate energy. Between 80° and 148°K the spectrum
moves to higher energy relative to the band gap until it coincides with the position
predicted for the bound-exciton band z2lone.

The relative contributions of the bound exciton and pair bands to the total
luminescence can be inferred from Figure 4 which shows the spectra formed by
integrating the single pulses from the photomultipiier. A careful! comparison of the
normalized spectra in Figures 3 and 4 shows that up to approximately 80°K, where

5aP(Ca.0}
INTEGRATED PULSED
! LUMINESCENCE SPECTRA

3C0°K \

/_\\\
—

1]

e YRR

SHFT OF BAND GAP

e et ,
SUIT #D7H '

i
(sl
s AN
(&)
;.-3 175°K \-
o
S \
'_J Il
- 148":(
‘6 PAIR |
el ° EXCITON
z
w
z s_cy /
GO°K
46°K
/
}/ Wl
1650 1700 1750 1800 1850 1800 1950

PHOTON ENERGY (eV)

Figure 4. Normalized spectra obtained by integrating the photomultiplier response
to the light {from the same pulse-excited crystal of GaP(Cd,0) used for
Figure 3. The excitation conditions were identical with those in Fig-
urc 3. The arrows show the expected energy positions of the bound-
exciton- and pair-band peaks at the various temperatures. Up to about
60°K the pair band is dominant. Above the transitional temperature range
(approximately 70° - 100°K) the bound-exciton band dominates.
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the time-resolved spectra coalesce, the irtegrated and pair bands are identical.
Above 80°K the spectra in the two figures must be, and are, identical, and correspond
mainly to bound-exciton recombination. The total red luininescence efficiency was
found to change with temperature in much the same way as previously reported for
GaP(Zn,0).!

The time-decay characteristics of the total red emission as a function of
temperature for the same crystal are presented in Figures 5 and 6 for the time
ranges 0 to 2.8 psec and 0.1 to 100 usec, respectively. At all temperatures, it was
noticed that the build-up time of the luminescence was equal to the length (100 nsec)
of the exciting pulse (see Reference 6). Ii is seen in Figure 5 that up to about 70°K
there is an initial fast decaying luminescence followed by a very long-lived com-
ponent, which considering the results in Figure 3 must be associated with the bound-
exciton and pair-luminescence bands respectively. The 1/e decay times (71 /e) taken
from Figure 5 are plotted in Figure 7. Thermalization of excitons from the B into
the A state causes the temporary decline in T1/e 28 the temperature is raised from
1.7°K (see paragraph 4a. of this attachment). Figure 5 shows that between 70° and
90°K the pure bound-exciton component becomes much less noticeable; Figure 6
shows that in this same temperature range, the long-lived luminescence begins to
decay much faster. These results corroborate the results in Figures 3 and 4 by
showing that near 70°K the pair and bound-exciton systems have a similar time
decay. As the temperature is increased heyond this point, the luminescence decay
rate gets progressively faster and becomes more nearly exponential in form. These
changes are clearly reflected by the parameter T1/e in Figure 7.

In the temperature range (< 50°K) where thermal equilibrium is not attained,
it is observed that the intensity of the bound-exciton band increases rapidly relative
to the pair band for exciting-beam current densities in the range 0.01 to 0.1 A/ cmz,
corresponding to carrier injections of 1016 to 1017 electron-hole pairs/cm3 per
pulse. In terms of the model for the luminescence, this variation is reasonable,
since the density of exciton-hole states is always equal to the number of occupied
Cd-0" states and the latter is proportional to pumping power. Hence, low pumping
intensity (< 1016 electron-hole pairs/cm®) favors pair recombination because the
density of exciton-hole states is small in comparison to the density of free Cd ac-
ceptor states, estimated to be ~1017/cm3. When the carrier injection per pulse is
approximately equal to this acceptor density, the probability for the capture of holes
into the isolated acceptor and exciton-hole states will be comparable and the bound-
exciton band will grow relative to the pair band.
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Figure 5. Total luminescence time-decay characteristics of the red band from the
same GaP(Cd,0) crystal and with the same excitations used for Figure 3.
At low temperatures the decays show the fast exciton decay followed by
the long pair decay. Between 80°K and 100°K the bound-exciton decay
lengthens and merges with the long-lived component. Above 100°K the
decay rate increases and becomes more nearly exponential.

c. Temperature Dependence of Luminescence Decay Curves and Time-Resolved
Spectra for GaP(Zn,0)

The temperature dependence of the time-resolved spectra for GaP(Zn,0),
shown in Figure 8, is qualitatively the same as that in Figure 3 for GaP(Cd,0). For
this crystal there is little change in the spectra up to 30°K. At 40°K the pair band
has moved significantly to higher energies, whereas the bound-exciton band has
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Figure 6. Total time-decay characteristics of the long-lived luminescence from
the same GaP(Cd,0) crystal and with the same excitation conditions used
for Figure 3. At temperatures up to 63°K the long-lived luminescence
obeys a power low characteristic of pair decay. At 83°K and above, the
decay rate of the long-lived luminescence increases rapidly.
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Figure 7. Plots of the 1/e decay times (Tl/e) taken from Figures 5 and 10. For
GaP(Cd,O) the initial decrease in T1/e is caused by the thermal redis-

tribution of the bound-exciton population hetween the A and B exciton
states. The changes in 7 /e at temperatures above 60°K are due to the

onset of thermal equilibrium of holes among the hcle states, A similar
situation holds for GaP(Zn,0) although, for reasons discussed in the text,
no initial decrease in T1/e is observed.

hardly changed in position. By 60°K it has become impossibie to distinguish the
individual emissions through time-resolved spectroscopy; this indicates that the
two bands now have similar time decays. At this temperature the location of the
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Figure 8. Normalized time-resolved spectra as a function of the temperature of a
fast-cooled crystal of GaP(Zn,0). The exciting-electron-beam current

2

density was about 0.05 A/cm”. At 1.7°K the arrows show the peaks of
the resolved pair and bound exciton bands. The arrows at higher tem-
peratures show the expected energy position of these peaks after allowing
for the variation in band gap energy.
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composite band is siightly shifted to lower energies from the position that the bound
exciton band alone would occupy. From 60° to 100°K, the composite band shifts a
little further to higher energies relative to the band gap energy to bacome coincident g

with the e.;citon band. At still higher temperatures the shifts are accounted for by
band-gap variation alone.
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Figure 8. Normalized spectra obtained by integrating tne photomultiplier response
to the light from the same pulse-excited crystal of GaP(Cd,0) and with
the same excitation conditions used for Figure 8. The arrows show the
expected energy positions of the bound-exciton- and pair-band peaks at
the various temperatures.

Figure 9 shows the integrated spectra for the same excitation intensity and
temperatures. Detailed comparison of the spectra in Figures 8 and 9 shows that
the integrated spectra fall nearer the 10-usec time-resolved pair spectra at tem-
peratures up to 30°K. At higher temperatures the emission becomes progressively
more heavily weighted towards bound exciton emission. The total red luminescence
intensity altered with temperature in the way previously described.

Figures 10 and 11 show the corresponding temperature dependence of the
luminescence time-decay characteristics of the total red emission for the same
crystal. The Ti/e decay times are plotted versus temperature in Figure 7. Com-
parison with GaP(Cd,O) in the low temperature region up to 30°K shows the initial
fast decay due to the bound exciton is not as easily distinguished from the slow decay
of the pairs in this crystal. However, other crystals were examined in which the
bound exciton was very dominant at the lowest temperatures, and in such cases the
faster decaying bound exciton was readily distinguished. Nevertheless, it is easily
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Figure 10. Total luminescence time-decay characteristics of the red band from the
same crystal and with the same excitation conditions used for Figure 8.

seen from Figures 7 and 10 that as the tempera raised to about 60°K the initial
excitonic decay becomes increasingly long after . acn it decreases. Note that in
agreement with the results of paragraph 4a. of this attachment an initial decrease in
T1/e’ due to excitons thermalizing from the B state into the A state as the tempera-
ture is raised above 1.7°K, is not observed for GaP(Zn,0).

The decay rate of the luminescence at longer times due to the pairs (Figure 11)
exhibits little change with temperature up to 50°K. Between 60° and 100K the decay
rate of the long-lived component increases very rapidly and at still higher tempera-
tures continues to increase but more slowly. This behavior is consistent with the
data in Figures 8 and 9 which show a sizable contribution {.om pair emission up to
about 60°K and an increasingly dominant bound-exciton emission above the transi-
tional temperature range 50° to 70°K.

Some evidence of low temperature tunnelling betwesn hole states was obtained
from a series of experiments in which an argon ion laser was used te ecite
GaP(Zn,0) crystals containing Zn concentrations in the range from 2 x 1017 to

I-15
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Figure 11. Total time-decay characteristics of the long-lived luminesceace from
the same GaP{Zn,0) crysial and with {he same excitation conditions
ased for Figure 8.

3x 1018 atoms/cm3 2t 1.7°K. When the Ar ion laser was focused, the bound-exciton
band dominated the emission for all crystals. In the unfocused condition (pumping
intensity down by 2 factor of 10'4), the pair band was dominant at Zn concentrations
in the range from 2 {0 5 x 1()1’7 :a.toxzns/cm3 while for higher ccoacentrations the
bound-exciton band iniensity increased with conceniration. This result is atirbuted
to an increased probability of tunrelling between hole staies at nigh acceptor con-
centrations.

d. Exciton Absorption Spectra of Cd-O ard Zn-O Complexes

The exact shapes of ihe absorption bands due to the creaiivn of excitons bound
to nearest-neighbor donor-acceptor pair complexes were difficult tc determine by
direct means, since the bz -is are very broad and the absorption is weak. The
absorption spectra were more conveniently obtained from measuremeris oi the
intensity of the bound-exciion luminescence as the energy of the exciting radiation,
corrected tc constant excitation intensity, was scanned through the absorption bands.
These spectra will be called LE {luminescence excitation) absorpton spectra.

The low-temperature Cd-O LE absorption specirum obtained in this way is
considerably broader than the bound-exciton luminescence spectrum, and the phonor

O-16



structure is much weaker.® The Zn-O exciton luminescernce spectrum is almost
devoid of structure <o it is not surprising that the corresponding LE absorption
spectrum shown in Figure 12 is broad and quite featureless. The nc-phonon transi-
Hon energy of excitons decaving ai Zn-O complexes is located near the arrow
labelled E cent 2 2.01 2V, a point midway between the low-energy hali maximum of
the LE absorpticn spectrum and the high-energy half maximum of the luminescence
spectrum.’’

Pt

\ Yoy

INTU RS ' OF LUAINE S EHEE (il Loy

Figure 12. Luminescence exciiziion spectrum for 2 slow-cooled crystal of
GaP(Zn,0).

The absorption scale in Figure 12 is relevant only o the Zn-0 absorption
pand below 2.30 eV. The structure above this energy is due to the photo-creation
of excitons at isoiecironic N impurities {lines A and Ax)" and to inirinsic absorption
processes (indirect absorption threshold TAE ang LAE).ls These absorptior

'’C. H. Henry, P. J. Dean, D. G. Thomas, and J. J. Hopiield, Proceedings of the
International Conference on Localized Excitations in Solids, Irvine, California
{1967) (io be published).

The exact relationship between Ec ent and the no-phonon transition eneryy of the

'*Zn-0 exciton is unknown, but the latter probably lies a little below the former
since the half bandwidihs of the two spectra suggest that the Huang-Rhys factor is
larger in the absorption spectrum.

"D. G. Thomas and J. J. Hopfield, Phy. Rev. 150, 680 (1968).
"*P. J. Dean and D. G. Thomas, Phys. Rev. 150, 690 (1966).
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pracesses contribute relatively weakly to the Zn-0 exciton luminescence and are
therefore lightly weighted in the LE a2bsorption spectrum. The peak abssrption of
the Zn-O exciton band is ~3 cm°1 in GaP crystals optimally doped for the red
luminescence measured at 80°K or 300°K, shown in this paper to be due mainly to
Zn-0 exciton recombinations. When we use the oscillator strength {f ~0.07 of the
Zn-O exciton transiticn derived from the decay time measurements of the lumines-
cence, the absorption coefficient corresponds to a Zn-O concentration of ~5 x 1016
atoms/cms.
It has previously been rzported that maximum red lumirescence is obtained
in solution-grown crystals from Ga containing 0.1 at .% Zn and 0.01 at .% Ga203.‘
Figure 13 shows that for the series of crystals examined in the present work, the

'S PELATIVE LLAUNESCENCE INTENSITY OF RED BAND IN 2n-0
OOPED 62P AT 77°K({CONSTANT 0, 002 HOL % 62203)

. PEAX ABSCRPTION COSFFICIENT ™ Za-0 EXCITON BAND)
(CONSTANT 0. 002 ML ‘A Go05)
PEAK ABSCRFTION COEFFICENT IN Za-0 EXCITON BAND)
A {CONSTANT Zn,Q1 ATR)
-0

250

8
|

ADSORPYION COEFFICIENT (Cm~1)

LUMINESCENCE INTENSITY
&
T

100 ¢~

r—— ”
s0 [ rad ° \

e
= DR =TT
162 107! 10 10

(o) 1073
Go,05 IN Go(MOL%-CURVES A} or Zn iN Ga{AT %, CURVES 8}

Figure 13. Dependence cf the relative red-luminescence intensity and cf the peak
absorption coefficient in the Zn-O excitor band on the melt composition.
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red fluorescence intensity was 2 maximum for Ga solutions containing close to 0,01
at .% Zn. The concentrations of free Zn acceptors in crystals grown from Ga solu-
tion containing 0.01, 0.1, 2nd 1 at .% Zn are respectively 0.5, 1.5, and 5 x 1018
atoms/ cm3. It is interesting to note that the Zn-O exciton absorplion of these crys-
tals continues to increase up to 1 at .% Zn-doped Ga solution although the lumines-
cence efficiency falls rapidly in this region. It has been shown recently’® that Auger
recombination causes a rapid decrease in the low-temperature luminescence effi-
ciency of the relatively tightly-bound Bi exciton transition in GaP above a neutral
donor concentration of ~1018/cm3. Impurity banding sets in at this donor concen-
tration and promotes the interaction of a third electronic particle with the bound
exciton. It is very likely that a similar effect is responsible for the quenching of
the Zn-O bound-exciton luminescence at the higher Zr concentrations, shown in
Figure 13. According to this model, the onset of concentration quenching is expected
to be insensitive to temperature changes in the range where isclated Zn acceptors
become thermally unstable, in agreement with experiment.

Figure 13 also shows that the Zn-0O exciton absorption increases with the
amount oi G2203 in the Ga solution. While there is no background of Zn, there is a
significant bacground concentration of O in these crystals. Recent experiments®
using the O18 isotope shift of the Cd-O bound-exciton no-phonon line as an indicator
Lhave shown that it is very difficult to obtain an increase in the concentration of these
complexes by more than a factor of 4 or 5. The residual concentration of Cd-0
sites is about 0.5 x 10+16 cm'3 in slow-cooled crystals grown in sealed-off quartz
tubes from Ga solution containing 10 at .% Cd, even when rigorous measures are
taken to exclude O. Possible sources of this O are the quartz tubes and the GaP
source material.

5. DISCUSSION

The time-resolved spectra and luminescence time-decay characteristics of
the red luminescence exhibit the following principle features.

(1) At low temperatures there is a rapid bound exciton decay followed by a slow
pair decay and two distinct spectra are recorded in time-resolved spectros-
copy corresponding to the pair and bound-exciton bands. The crystals chosen
for the study had prominent pair bands at low temperatures at the excitation
levels used.

(2) As the temperature is raised above ~60°K for GaP(Zn,0) and above ~80°K
for GaP(Cd,0) the initial fast excitonic component in the total time decay

'®J. C. Tsang, F. J. Dean, and P. T. Landsberg (to be published).
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lengthens to become substantially longer than the bound-exciton lifetime.
Also, the long pair decay shortens, so that the combined time-decay charac-
teristics eventually approximate a single exponential. At the same time, the
intensity spectra alter and show that the bound-exciton band begins to
dominate the total emission.

(3) As the temperature is raised still further, the time-decay characteristics of -
the total luminescence get significantly more rapid. Apart irom broadening
and a shift due to the band gap variation with temperature, no further changes
in the intensity spectra are seen.

These effects can be accounted for semiquantitatively hy assuming that the
holes in acceptor states, in bound-exciton hole states, and in the valence band are
in thermal equilibrium at the higher temperatures. It is also assumec that in the
temperature range 1.7° to 300°K the electron remains trapped at the acceptor O
complex. Letp A and Pex be the occupation probabilities for a hole tc be in an ac-
ceptor state and in a bound exciton hole state. If the holes are in thermal equilib-
rium, the occupation probabilities are given by Fermi-Dirac statistics as'’

Pp = [1 +D, “exp {(Ep - EA)/kT}] ! 1)

Pex = [1 ¥ Dex-lexp {(EF - Eex)'/kT}] ! (2)

where EF’ E A and Eex are the energies of the quasi~Fermi level governing the hole
distribution, the acceptor level, and the level corresponding to a hole in a bound-
exciton hole state. These energies are measured relative to the valence-band maxi-
mum. D A and D ex 2T€ the degeneracies of the hole on the acceptor and in the bound
exciton. The acceptor ground state is four-fold degenerate, while the hole in the
bound exciton is two-fold degenerate,'® Let 7 be the lifetime of an electron trapped
on the acceptor-oxygen complex. The trapped electron decay rate ,-'1 is given by

-1 . E :
T = WouPoy * W(r)pA 3)

r

"See, e.g., J. S. Blakemore, ""Semiconductor Statistics," Pergmagon Press (1962).

'8 The zone center-valence~band hole states are four-fold degenerate. These states
are gplit into two Kramers doublets by the crystal field of the acreptor-oxygen

site.'s'? In calculating p,, we should take into account both doubiets; this is done
by changing Dex in Equation (2) from 2 to 2 + 2 exp (- AE/KT) where AE is the

splitting between the states and is taken to be 10 meV. We can not justify this -
noice, but other reasonabie value of AE would not substantially alter the resulis
of the calculation.
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where wex is the exciton decay rate and W(r) is the decay rat= for the electron t¢
recombine with a hole located on an acceptor a distance r from the trapped electron.
The transition rate W(r) is taken to be'®

W(r) =W_ . exp (-2r/a) 4)

where a is the Bohr radius of the hole on the shallow acceptor. This formula is only
valid wher either the hole or the electron is tightly bound. It is applicable in our
situation because the electron is very tightly bound compared to the hole. Wmax is
the transition rate for r = O (that is, when the electron and hole wave functions have
maximum overlap). Wmax is estimated to be equal to Wex multiplied by the ratio

of the maximum hole densitv on the acceptor to the maximum hole density in the
bound exciton. These densities are inversely proportional to the cube of the ratio
of the Bohr radii of the holes on the acceptor (a) and in the bou.2 evciton (aex) SO E
that

~ 3 51
Wmax wex aex/a (5)

The total rate of pair decay is given by
3 o
( , / Qax 2
: Vi (r) = (Np - ND) Wox = 47r° exp (-2r/a)dr
0
r

3
= (Ny = Np) Wy (ag) 7 (6)
‘where M p1s the acceptor density, ND is the donor density, and (N A" D) is the
density of neutral acceptors. The ratio of the bound-exciton intensity to the pair-
band intensity is given by

Lex/ Ioair = Wexpex/ E Wrloy ™ poy/Pp (NA - ND) (aex) 4 (M

r

The Boltzmann factors appearing in Equations (1) and (2) may be calculated using
standard semiconductor statistics.”’ They depend upon N A ND, the binding energy
of the acceptor E A and the density of states effective mass of the hole, which is
taken to be 0.37 times the free electron mass.”

D, G. Thomas, J. J. Hopfield, and W. M. Augustyniak, Phys. Rev. 140, 202 (1965).
“R. A. Faulkner (private communication).
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For the case of GaP(Zn,0), we take N, = 1018 atoms/cm3 and N, = 2 ¥ 1017
atoms,/cma. The binding energy of the Zn acceptor is known to he 62 meV.” These
estimates of N A and ND for the Zn-doped samples are based on the solubility
measurements of Trumbore et a_lz‘o2 The Cd-doped samples are less heavily doped
and more,_highly ccmpensated than the Zn-doped samples, and we estimate that
NA = 101' atoms/cm3 and ND =4x 1016 atoms/cm3. We are much less certain of
the latter parameters than of the parameters for the Zn-doped samples. The binding
energy of the Cd acceptor is known to be 95 meV.? For both Zn and Cd we take
W, to be 107 sec"1 (see paragraph 4a.), the binding energy of the hole in the bound
exciton to be 26 meV, and the Bohr radius of the hole in the bound exciton to be
16.9A. The predicted lifetime 7 and ratio Iex/I

pair are plotted versus temperature
in Figure 14.
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Figure 14. Comparison of the calculated decay times with the experimentaliy -
determined decay times of the red emission. A comparison is only
meaningful at temperatures where thermal equilibrium conditions

approximate, namely above ~80°K for GaP(Cd,O) and above ~ 60°K for
GaP(Zn,0).

If true thermal equilibrium were achieved, the red luminescence would decay
exponentially, giving straight lines in Figures 5 and 10, The deviation from an
exponential decay gives some indication of the deviation from thernal equilibrium.

2'P. J. Dean, J. P. Cuthbert, D. G. Thomas and R. T. Lynch, Phys. Rev. Letters 18,
122 (1967).

2y, A, Trumbore, H. G. White, M. Kowalchik, R. A. Logan, and C. L. Luke,
J. Electrochem. Soc.
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Clearly, at low temperatures there is very little thermalization. Because thermal
equilibrium is only approximately achieved even at the higher temperatures, only 9
qualitative agreement is expected between theory and experiment.

The ratio Iex/lpair is predicted to be unity at 65°K for the Zn-doped sample
and at 100°K for the Cd-doped sample and to increase rapidly with temperature.
Experimentally, it is found that the bound exciton becomes dominant above 60°K in
Zn-doped sampies and above 80°K in Cd-doped samples in good agreement with
theory. It is predicted that the ratios of I ex/Ip air 2T 19 for Zn-doped samples and ;
57 for Cd-doped samples at 300°K.

WL TS ?

At room temperature, the densities of free holes in the valence band and holes
in the acceptor states are of the same order of magnitude so that the intensity of
the recombination luminescence due to free holes annihilating the trapped electrons ]
is expected to be of the same order of magnitude as the pair luminescence intensity.
Therefcre the bound-exciton luminescence is predicted to dominate both the pair
luminescence and the free-to-bound luminescence at room temperature, in agree -
ment with experiment.

Cx b

The calculated and measured lifetimes are compared in Figure 14, The ex-
perimental lifetimes peak at 65°K in Zn-doped crystals and at 95°X in Cd-doped
crystals, Theory and experiment can only be compared at these temperatures and
at higher temperatures. Below these temperatures little thermalizs.don of the holes
has taken place. The agreement between theory and experiment is fairly good for
the1 case of GaP(Zn,0). The maximum experimental lifetime T1/e (measured at the
e " intensity point) is 1.5 psec at 65°K. The predicted value at this temperature is
2.3 | sec. At higher temperatures both the predicted and the experimental lifetimes
decrease. The experimental lifetime decreases faster, however, presumably
because nonradiative processes shorten the experimental lifetime and these proc-
esses become increasingly important at higher temperatures.
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For the Cd-doped crystals, the agreement is much worse. While the experi-
mental lifetime at 100°K of 1.7 ysec is long compared to the exciton lifetime
(0.1 psec), in agreement with our ideas, this lifetime is small compared to the pre-
dicted lifetime of 45 ysec. The agreement remains poor at higher temperatures.
At present the reason for this disagreement is not understood. It may result be-
cause thermalization is less likely in Cd-doped samples because of the large Cd
binding energy (95 meV) aad because the assumed concentration of Cd acceptors is 3
rather low. It is als> possible that nonradiative processes, which shorten the
measured lifetime, are more important in the Cd-doped material.
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6. CONCLUSIONS

1t was previously established by Henry, Dean, and Cuthbert' that the low-
temperature red luminescence in Ga¥{Zn,0) and GaP(Cd,0) is due to the near super-
position of a pair band and a bound-exciton band. In this paper, the red luminescence
has been studied by electron beam excitation in the temperature range from 1.7° to
300°K. Above about 50°K the bound holes in the acceptor and exciton-holes states
tend to come into thermal equilibrium. The thermalization appears tu be only
partially achieved, becoming more effective at higher temperatures. The result
of this thermalization is to cause the red luminescence to be dominated by bound-
exciton decay above 60°K in Zn-doped crystals and above 80°K in Cd-doped crystals.
As thermalization is achieved, the time-decay characteristic of the red luminescence
becomes more nearly exponential. Although the red luminescence is dominated by
exciton decay above 80°K, the decay time of the luminescence is much longer than
the bound exciton decay time between 80° and 150°K, because the processes promot-
ing thermal equilibrium cause holes to be continuously transferred from the acceptor
to the bound-exciton hole states. The decay time becomes shorter with increasing
temperature as the bound-exciton decay becomes increasingly dominant. Bound-
exciton decay is the principal source of red luminescence at room temperature.
These results can be explained semiquantitatively by the theory of thermal equilib-
rium among the hole states presented in this paper. The agreement between theory
and experiment is much better for Zn than for Cd. Measurement of the luminescence
excitation spectra in GaP(Zn,0) shows that although the concentration of Zn-O com-
plexes continues to rise as the Zn acceptor concentration is increased above that
corresponding to maximum luminescence efficiency, the onset of concentration
quenching of the luminescence, probably by nonradiative Auger processes, offsets
any possible increase in luminescence efficiency. The absolute concentrations of
the Zn-0O and Cd-O complexes have been estimatad from measurements of the
exciton absorptions and luminescence decay times,
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A VARIABLE TEMPERATURE DEWAR FOR CATHODOLUMINESCENCE STUDIES

Abstract

We describe a single refrigerant variable-temperature dewar employing the
forced convection of cold gas to obtain sample temperatures in the range 12° to
300°K. Although the dewar was developed for cathodoluminescence studies using
100- to 400-KeV elecirons, the design permits easy modification for cther uses.
The dewar features quick cool-down time, the option cf fast thermal cycling, the
efficient removal of heat from small irregularly shaped samples mounted strain
free, the ability to change samples quickly at all temperatures, and thermometry
isolated from the sample irradiation chamber.

1. INTRODUCTION

This paper describes a variable-temperature dewar which employs the forced
convection of an exchange gas to obtain sample temperatures in the range from 12°
to 300°K. The forced convection of gas at the desired temperature effectively re-
moves the heat generated in a sample and maintains its temperature very close to
that of the gas. In our experiments the heat is produced in semiconductor samples
by a high-energy electron beam used to excite recombination lumirescence. The
dewar affords the following advantages:

(1) The over-all time required to reduce the sample (and dewar) temperature
from 300°K to low temperatures (~12°K) is less than 30 minutes.

(2) The usual liquid nitrogen shield is eliminated.

(3) Several hundred milliwatts of power can be effectively removed from the
sample at temperatures potentially as low as 4.2°K,

(4) Since the sample is directly cooled by the gas, thermal contact of the sample
with the mount is not necessary so that irregularly shaped samples can be
studied and strain-free mounting achieved.

(5) Samples can be changed very conveniently during an experiment without
disturbing the experimental setup,

(6) Isolation of the temperature sensors from the vicinity of the irradiation
chamber prevents their deterioration by X-ray and electron irradiation.

I-2
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Several variable temperature dewars have been discussed in the literature,
including one by Maeda® which also uses purely convective cooling, and variable
temperature dewars which are now commercially available. To date, the latter
have utiiized either forced convective cooling plus electrical heating of the sample
to obtain a given temperature or the usual cold finger arrangement — both arrange-

s ments require good thermal conduction across the mount-sample interface. None

of the designs possess the combination of advantages cited for the dewar described
heze.
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2. DEWAR DESCRIPTION

The dewar is shown in Figure 1. A helium transfer tube, A, is hermetically
connected to the cooling-gas input tube, C, by a quick-disconnect coupling, B. The

exit nozzle of the transfer tube terminates approximately 2 in. above the sieve of
the gas heat exchanger, K.

e e v AN

The heat exchanger, K, consists of a german-siiver rod, about 1-in. long and
0.5-in, in diameter, through which are longitudinally drilled sixteen 0.030-inch
diameter capillaries. The rod is soldered into a copper block that houses a 40-watt
cartridge heater, J. For a typical gas flow of 2100 liters/hr through the sieve, the
rate of heat transfer from the heater to the gas is sufficient to cause rapid tempera-

ture changes within the range 12° to 80°K when the power supplied to the heater is
altered.

i
$
%
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3
3

Electron excitation of the crystal occurs in the irradiation chamber, N, which
adjoins the gas distribution manifold, P. Electrons enter the irradiation chamber
by penetrating a 0.0005-in. stainless-steel window, Q, mounted in the face of the
irradiation chamber oppocsite the electron accelerator.

The gas from the heat exchanger, K, enters the distribution manifold, P, which ¢
directs the gas flow into the sample tube, D, and thermometer tube, E. The gas ‘
distribution manifold has a large flat-bottom surface which mates with the inside
bottom surface of an aluminum cup which forms the inner heat shield, M. The two
are firmly attached by pressure washers and screws so that the inner heat shield

'For example:

E. W. Williams, D. V. Parham, and J. Knox, J. Sci. Instr. 44 (1967) p. 271.
L. P, Potapov: Cryogenics (1963) p. 240.

L. F. Lowe, C. jimenez and E. A. Burke, Rev. Sci. Instr. 34 (1962) p. 1348.
R. L. Chaplin and P. E. Shearin, Rev. Sci. Instr. 33 (1962) p. 459

A. Sosin and H. H. Neely, Rev, Sci. Instr. 32 (1961} p. 922.

J. M. Flourney, L. H. Baum, and S. Siegel, Rev. Sci. Instr. 31 (1960) p. 1133.

’K. Maeda, J. Phys. Chem. Solids 26 (1965) p. 595.
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Figure i. Variable temperature
dewar for cathodo lumin-
escence studies.
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is cooled by heat conduction 2crdss the interiace. Addition2l radiadon shielding is
provided by the cuter radiation shield. 1, which is zttached to the heat exchanger,
X. This is a copper disc soldered to tubes D and B. It provides mechanical rigidity
and is cooled by the gas as it leaves Lic logwer seclions of these tubes. Tube C
passes freely through X ard is connected to the ieat exchanger, K, by 2 stainless
steel beliows, H. The beilows is reguired io relieve the stress created by the un-
egual thermal coniractions of tube C relative to tvbes D and E whose common tem-
perature may pot be the same as that of wbe C.

‘The intermediate sizinless-steel wirdow mount, R, serves:

(1) tc decouple thermaily the stainless-steel window, Q, irom the brass chamber,
N so that ihs window can be readily unsoldered and replaced;

{2) to locate the stainiess-steel window in the flow of the cooling gas so thai the
heat generaied by elecirons stopped in the window is removed; and

{3) to facilitaie mounting ihe sample in the flow of gas and close to the window
where the divergence of the focused electron beam is minimal.

The brass irradiation chamber N also houses a quartz windo= which is sealed
in position with an epoxy cement. In spiite of repeaiad thermal cyclirg and long ex-
posure to X-ravs {from which it is p«rtially shielded by the chamber itseli), the
epoxy window seal has proved to b very durabie.

The thermometer mount, £, is atiached io the bottomr cf a thin-walled stainless-
steel, sealed tube. Brass spacers, U, stabilize the tube w.thin the access tube E.
The spacers have marey holes drilled in them io perrait the easy flow of gas along
the tube and to provide protecied paths to the exterior for the fine thermocouple
and carbon resistor leads which are threaded through them. The leads are passed
through smal! holes in the termination at the top of the stzinless-steel tube, and
the noles are filled with epoxy cemenf. The terminaticn {its into tube E and is
hermetically sealed with a quick-disconnect coupiing. The thermometers, V, are
externally calibrated as sifuated on the thermometer mount. Once in place 1n the
dewar, they are not normally dis‘urbed again.

An arrangement similar to the “hermometer mounting is used for the sample
mounting T. Several samples may be mounted at one time. By Joosening the quick-
disconnect coupling and raising or lowering the samgle mount, any czc ~f <everal
samples may be selected for study.

3. OPERATION AND CHARACTERISTICS

Cold exchange gas is obtained by boiling off liquid refrigerant from a storage
dewar. Depending on the temperature required for the experiment, any of the
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standard refrigeranis can be used. To conserve helium, the dewar is normally pre-
cooled io liquid-niirogen temperaiures with gaseous nitrogen irom 2 liguid-mtrogen
storage dewar. Then the transfer tube is swiiched to a liquid-helium supply to re-
duce the samrle temperature io approximately 12°K. This procedure can be com-
pleted in 30 minutes. Heai losses in the iransfer syphor presently resuli in 12°K,
which is the lowest temperature attzinable with a helium consumption of ~3 liters;
hour. By using 2 short liguid-nitrogen shieided transfer syphon, it is expected that
an vitimate temperature closer io 4.2°K can be obtaired.

Because of the small specific heats ef materials at low temperatures, exces-
sive heating can result durirg intense sample excitation. It is therefore necessary
toc provide maxinium cocling io carry away the heat dissipated in the sample, 2ad,
for the tempzrature range 12° {0 T0°K, the gaseous flow rate is usually maintained
at that corresponding to a2 coasumption of 3 liters of liquid helium per hour. Tem-
peratures in this range 2re maintained by supplving power to the heater, J, in the
heat exchanger, X. In this temperature range, the gas :mperature responds rapdly
to changes in power inpii io the heater, so there is little difficulty in manually cor-
recting for small temperamre drifts.

At temperatures higher than 70°K, the heat exchanger begins to lose iis effec-
tiveness and temperature changes are made by reducing the flow of cold helium gas
and mixing with it 2 conirolled stream of warm helium gas which enters at input, F.
Mixing of the warm and cold gases is aided by the capillaries in K. Since z relatively
small amount of warm gas can change the temperature of the gaseous mixture by
marny degrees, a fine metering valve is used @n the warm gas supply line. Two
thermally insulated valves located at the outputs, W, are used io controi the relative
gas flow rates past the samples and thermometer.

The performance of the dewar was iested by placing twe identical, calibrated
thermocouples in the dewar, one located in the normai iemperature monitoring
location Y, the other in the sample irradiation location. Both thermocouples were
soldered to pieces of copper approximately the size of a typical sample (2. mm x
2, mm x 0.5 mm). In the absence of an electron beam, it was found that the ther-
mometers indicated equal temperatures o within 20.5°K for both locations over a
wide range of temperatures. Equalization of flow rates is not necessary; therefore,
to obtain cptimum convective cooling of the irradiated samples, a larger flow is
normally passed through the irradiation chamber. To test the effectiveness of the
cooling gas, 200 mW was dissipated in the copper sample by electron-beam irradia-
tion. At 12°K, there was less than a 1°K temperature rise, registered as a difference
in the thermometer readings. At 28.5°K, no change in temperature could he detected.
At any selected temperature it was found possible tc maintain the temperature con-
stant to within £1°K for long periods with a mirimum of attention.
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The dewar has prover very usefui in recent studies of Zn- and Cd-doped GaP
crystals in whack the red cathodoluminescenze spectra were recorded as a function
of temperature between 12° and 300°K. The advantages of rapid temperature
changes, the easy interchange and assessment of small, britile samples, and the
ability to strongly excite samples without troublesome heating eifects were :n-
valuable in reducing the time to obtain results.
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