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FOREWORD

The Stanford Electronics Laboratories has conducted research
on "Preparation and Properties of AlyGaj.xAs:Cr Single Crystals"
from 1 October 1977 through 31 August 1980 under ONB Contract
N00014-78-C-0297. Funding did not actually begin until February 1978.
The work was carried out under a one year contract followed by a five
month no cost extension. The contract was then renewed for a period

of one year and this was followed by a six month no cost extension. I A

The contract, which was funded in the total amount of $97,802,
terminated on 31 August 1980. The Scientific Officer during this
entire period was Dr. Howard Lessoff of the Naval Research Laboratory,
Code 5220. Technical assistance from Dr. Harry Wieder and his group

at the Naval Ocean Systems Center, Code 922, is gratefully acknowledged.

The personnel at the Stanford Research Laboratories included:

Professor Gerald L. Pearson -- Principal Investigator
Mr. C. Kocot, Staff ~- 1 0ct 1977 - 1 Sept 1978
Dr. R. Rao, Staff -- 1 Oct 1977 - 1 Sept 1978
Mr. M. Landstrass, Staff -- 1 Oct 1978 - 31 Aug 1980
-1-
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I. SUMMARY

FThis research program is divided into the following four related

?' topics: (1) Growth of Af§Gaj_ xAs:Cr thin pemi-insulating (S1) layers by

' liquid phase epitaxial (LPE) techniques, (2) Properties of Cr deep levels
in AQ}GaQJkAs:Cr single crystals (3) Investigation pf the interface
properties of (SI)AiQGa@JxAs:Cr—(n)GaAs heterojunctions and (4) Construc-
tion and properties of Au-(SI)AlyGag:yAs:Cr-(n)GaAs-(SI)GaAs:Cr MIS

field effect transistor structures. .

Methods have been developed for reproducibly growing high quality
Cr doped single crystal layers having selected values of x between 0.0
and 0.9 with specified thicknesses between 300 R and several um. Resis-
tivities up to 1011 ohm-cm have been obtained.

The peak energy of the photoluminescent band due to Cr* was observed
at 0.8 eV in Cr doped crystals regardless of Al composition between
0 < x £ 0.74 when measured at 77 K. The optical ionization energies of
Cr2t with respects to the conduction and valence bands were determined
from photocapacitance measurements in crystals having the same range of
X. Photoconductivity measurements were carried out which establish the
degeneracy range of the Cr2*(5£) excited Tevel with respect to the conduction
band as x is varied from 0.0 to 0.6. Ailternate models of photoluminescent
intraimpurity transitions from Cr levels in n- and p-type crystals were
analyzed.

I-¥, C-V and G-V measurements were made on Au/Pt-(SI)Alg, 5Gag, 5As:Cr-

(n)GaAs diodes with temperature, frequency and illumination as the

independent variables. The results were analyzed to determine the
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_current-transport mechanisms as well as to obtain information on the
localized states and electron potential at the (SI)Al1GaAs-GaAs interface.
Two different insulated gate field-effect transistor structures
were designed which consist of (1) a self aligned p-channel device
formed by Zn diffusion and (2) an n-channel transistor formed by e-beam
lithography and sulfur ion implants. Electrical measurements on the
former established that a p-channel was formed and éuantitative values

of its properties were obtained. The latter is still under development.




II. ACCOMPLISHMENTS DURING THE PERIOD
1 OCT 1977 - 31 AUG 1980

The Stanford Electronics Laboratories has been conducting research
on the preparation and properties of Al,Gaj_,As:Cr single crystals under
ONR Contract No. 00014-78-C-~0297 since 1 October 1977. Emphasis was
placed on determining the energy states associated with cr2t together
with the various transitions involved. Preparation of thin semi-insulating

AlyGay-xAs:Cr-GaAs heterojunctions by LPE techniques and investigation of

their use in high frequency MIS field effect transistor structures were
intiated during the latter part of the contract.
The chief accomplishments of these studies were:
1. A horizontal carbon boat slidebar LPE system was used to
Al Gay_xAs:Cr and Al,Gaj_yAs:Fe single crystal layers of
prescribed Cr and Fe content. The Al fraction was
varied to obtain values of x between 0.0 and 0.6.
2. Photoluminescence spectra from Cr doped crystals having
a range of Al composition x from 0.0 to 0.6 were recorded
while the sample was maintained at 77°K. The excitation
source was an Ar ion laser capable of producing 4 W of cw
radiation. The composition x of each crystal was determined
from the energy of the band-to-band radiation. The spec-
trum arising from transitions due to Cr2* ions in each
crystal was recorded. Whereas the band gap increased
with x, the peak energy of the cr2t photoluminescent
band remained constant at 0.78 eV for all values of x
[1]. This result corroborates the excited state to ground

state transition model proposed by Koschel et al. [2].
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5.

Samples of Al,Gay_xAs:Cr and Al,Gay_yAs:Fe single crystals
were sent to Dr. B. D. McCombe at NRL to investigate the
zero-phonon Tine in these crystals as a function of x at
4.2 K. Although the normal zero phonon line at 840 meV was
observed in the GaAs:Cr crystal (x = 0), it was absent in
all mixed crystals within the range x = 0.13 - 0.60. The
phonon replica peaked at 0.77 eV in all Al bearing crystals
as compared with 0.825 when x = 0. The intensity of the
0.77 eV band peaked sharply at x = 0.3 and disappeared as
x approached either 0.0 or 0.60.

A strong zero-phonon line at 0.37 eV, characteristic of
Fe, was observed in GaAs:Fe (x = 0). This line also appeared
at the same energy in a Alg, 33Gag,g7As:Fe sample, although
the intensity was greatly reduced.
Photocapacitance was employed to measure the optical ioniza-
tion energies of CrZt with respect to the conduction and
valence bands in AlyGaj-xAs:Cr crystals as a function of Al
composition x. It was shown that the sum of the optical
ionization energies of Cr2* exceeds the direct energy gap by
an amount AE, the magnitude of which decreases with increase
in x. An explanation of this result was given in terms of
the conduction band structure and Stokes' shift [3].
Photoconductivity measurements were carried out which esta-
blish the degeneracy range of the Cr2*(5E) excited level with
respect to the conduction band as x is varied from 0.0 to 0.60.

It was shown that the S5t excited state lies within the
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conduction band for values of x below 0.23 and within the

band gap when x is greater than 0.38 [3]. Further measure-
ments are required to estabiish the exact crossover point.
Multilayer structures were grown by LPE techniques. The
general configuration of these single crystal heterojunction
samples, which were deposited on the 100 surface of either
semi-insulating GaAs:Cr or (n*)GaAs:Te substrates, was
(SI)Alg.5Gap,sAs:Cr-GaAs. The GaAs acti;e layers were 4-10 um
in thickness. Undoped layers were n-type with a carrier concen-
tration of = 1 x 1015 em=3. Others were made p-type by adding
sufficient Ge to bring the carrier concentration to = 1 x 1016
em=3.  The semi-insulating Alg gGag, gAs:Cr layers were grown
to a thickness of = 8000 R. They were prepared by adding

0.5 atomic % Cr to the melt. Close compensation of shallow
donors and acceptors in the meit was achieved by baking out

at 474°C for 40 to 100 hr in flowing H2 just prior to growth.
The resistivity of the SI layer obtained by this procedure

was = 1 x 1011 ohm cm.

MIS diodes were fabricated by applying ohmic Au/Ge contacts

to the substrates (or the GaAs active layers) and 1 x 10-3
em™3 Cr/Pt dots to the Mg, 5Gag gAs:Cr semi-insulating layers.
The conduction current was measured as a function of voltage,
temperature, frequency and illumination. It was found that
the current through the Alg, gGag,sAs:Cr layer was controlled
by injection from the Cr/Pt dot and the GaAs active layer.
Under low injection conditions the semi-insulating layer was

ohmic whereas Fowler-Nordheim type tunneling dominated at

i




high injection levels. Current in the device saturated at
very high injection in the inversion polarity due to the
limited supply of thermally generated minority carriers.

This was demonstrated by the use of light to control the
current Tevel in the saturated region. See references in
Appendix E.

C-V and G-V measurements were made on Alg,.5Gag, 5As:Cr-(n)GaAs

capacitors as a function of frequency and temperature in order

to determine the distribution of localized states and the elec-
tron potential in the GaAs layer at the heterojunction interface.
Capacitors with 8000 A Alg, 5Gag gAs:Cr layers showed that

the GaAs surface was always accumulated while thin layers of

500 R produced depleted surfaces. The zero bias potential

could be consistently described as due to a metal-Alg,5Gag,.5As:Cr
interaction similar to the effect of the metal work function

in Si-Si0, capacitors. Measurements on 8000 K structures

with frequency as the independent variable always showed a

large frequency dispersion in both capacitance and conductance.
This was shown to be due to trapping effects in the

Alg.s5Gag, sAs:Cr layer where modulation of the thermal

emission of carriers from the traps increased with decreasing
frequency. This effect was also observed in Alg, 5Gag,5As:0
layers prepared by molecular beam epitaxy as measured on

samples furnished by H. C. Casey et al. [4]. Another form of
frequency dispersion was observed which was due to tunnel
injection of carriers into the semi-insulating layer. This

mechanism was established from its lack of temperature sensitivity.
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Two inversion channel transistor structures were designed to

measure surface potential and the time dependence of interface

states. A self aligned p-channel device was fabricated

which used a Cr/Pt metal gate to define the channel etch as
well as the Zn diffused source and drain contacts to the n-
type active layer. Two terminal measurements which were made

with the gate shorted to the drain and the source grounded.

These indicated that a p-channel was formed. The I-V
characteristics were exponential below =3 V and thereafter
gave a straight Tine on anV1 vs V plot. Three terminal
measurements were performed at gate voltages between 0 and

17 V. A plot of channel conductance versus gate voltage
yielded a straight line giving a hole mobility of 300 em? /V-sec
and a turn on voltage of 4 V.

An n-channel transistor is currently in the processing .
stage. This device employs e-beam lithography to define a
channel width of = 3 ym and sulphur jon implants into an (SI)
GaAs:Cr substrate for the source and drain contacts. This
device which is 31 normally off n-channel inversion mode
MISFET has the advantage that the channel is semi-insulating
when off, in contrast to being p-type, which assures low
capacitance and sidesteps the problems of a low barrier
height for injection of noles into the Alg, s5Gag,5As:Cr
layer. The fact that the channel length is shorter than the

diffusion length of electrons should insure rapid response

of n-channel formation.




The combined results of our measurements indicate Fermi
level pinning does not exist at the (SI)Alg,sGag,sAs:Cr-

GaAs interface so that the GaAs surface potential can

respond to DC bias. This is supported by (1) lack of any
unaccounted for shift in flat band voltage; (2) C-V
characteristics which indicate an accumulated surface at
zero bias notential; and (3) MIS transistor measurements
which demonstrate a hole inversion layer. This shows
that in such a structure, just as in the Si/Si0, system,
a DC bias can modulate the surface potential from
accumulation to inversion. Unlike the Si/Si02 structure,
however, an external supply of carriers is needed for
quasi-equilibrium conditions to be observed due to the
low thermal generation rate and a low barrier for hole

injection into the insulating layer.
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San Francisco Meeting of the American Physical Society

January 23-26, 1978

AGS  The Cr2* Level in AL Gay., s Single Crystals.

¥, KOCOT and G. 1. PLARSON, Stanford U.-- LPE layers of

M kGay. (As:Cr single crystals were grown.  The photolum-
fnescence band due to Cr2' was ohserved over  the range

0 <x <0.74 in both n and p-Lype crystals when measured
at /7h. The peak energy of the Cr?t band was constant ot
0.8 eV for ol values of x. Preliminary spectra which
reveal the characteristic zero phonon line woere obtained
at 4.2k for x = 0.23. The position of the Cr?' ground
level with respect to the Lottom of the conduction hand
was determined from photocapicitance measuremnnts on n-
type AlyGay. xAs:Cr. It incrvased tinearly from 0.8% to 1.1
eV as x changed from 0 to 0.47, when measured at 295K.
These values were about 0.08 eV higher when measured at
1IK. FPhotocapacitance measurements performed on p-type

M yGay_yAs:Cr Yocated the CrZ* level with respect to the
top of the valence band. The ionization cnergy of the
Crét devel with respect to the valence band increased Vi-
nearly from 0.8) eV to 0.91 ¢V as x changed from G to 0.4,
when measured at 29%K.  Stoke's shift has been calculated.
Our results favor the photoluminescence model proposed by
kuschel et a) rather thon that of Stocker et al and en-
abled us to establish a more sophisticated model.

Bulletin of the American Physical Society 23, 17 (1978)
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EXPERIMENTAL VERIFICATION OF Cr** MODELS OF PHOTOLUMINESCENT TRANSITIONS IN
GaAs:Cr AND Al Ga,_, As: Cr SINGLE CRYSTALS

K. Kocot* and G.L. Pearson

Stanford Electronics Laboratories, Stanford University, Stanford, CA 94305, US.A.
(Received 8 August 1977 by H. Suhl)

LPE layers of Al Ga,_, As:Cr:Sn single crystals were grown and the
photoluminescence band due to Cr** was observed over the range

0 € x < 0.42 when measured at 77 K. Preliminary spectra which reveal the
characteristic zero phonon line were obtained at 4.2 K for x = 0.23. The
experimental results support the model in which the 0.84 eV photolumin-
escence band in GaAs: Cr is attributed to intraimpurity transitions at Cr?*,

IN RECENT YEARS, interest has increased in GaAs:Cr
not only because of its usc as a semi-insulating substrate
for epitaxial crystal growth, but also because of its
potential applications in numerous electronic devices
such as field effect transistors and photodetectors.
Despite a large nurrber of investigations, the detailed
nature of defects due to Cr in GaAs has not been firmly
established. The typical photoluminescence spectrum
of n-type GaAs:Cr consists of two bands at 0.84 ¢V
(enesgy position of the O-phonon line) and 0.56 ¢V
when measured at 4.2K [1]. It has been established that
both bands are, in some way, due to Cr centers. Several
different models have been reported in the literature
[1-4]. Our measurements onAl,Ga,_,As:Cr: Sn
crystals favor the Koschel ef al. [1] and Lin-Chung {3]
models describing the 0.84 eV photoluminescence band.
We observed a strong photoluminescence band
centered at 0.78 eV in n-type GaAs:Cr: Sn crystals when
measured at 77 K. Similar semi-insulating LPE GaAs:Ce
crystals, not intentionally doped with shallow donors,
gave no detectable peak in this energy range. The carrier
concentration in the n-type crystals was =~ 10'¢cm ™3
and < 10" ¢cm™ in the semi-insutating crystals. The

melts from which both types of crystals were grown con-

tained 0.5 at.% Cr.
N-type LPE Al,Ga,_, As:Cr: Sn single crystals were

grown from melts containing 0.5 at.% of both Cr and Sn.

The carrier concentration in these crystals was 10'® to
10'"7cm ™. The energy position of the band-to-band
photoluminescence peak was used to establish the Al
composition through the relation £ = 1491 + 1.042x
+ 0.468x2, The photoluminescence band due to Cr?*
was also observed. This, to our knowledge, is the first
observation of the Cr** photoluminescence peak in

Al Ga,_, As:Cr crystals for x > 0. Figure 1 shows,

* Permanent address: Institute of Experimental Physics,
Warsaw University, Warsaw, Poland.

as an example, the photoluminescence peak observed for
x = 0.42. Peaks for other Al compositions are similar to
the one shown here. The energy position of the peak
centered at 0.78 eV does not depend on the value of x
and is located at the same energy as observed in

GaAs: Cr:Sn crystals. The position of this band as a
function of x is shown in Fig. 2.

Preliminary results have also been obtained at liquid
He temperature from an Al, Ga,_, As:Cr:8n single
crystal with x = 0.23. The photoluminescence spectrum
taken at 4.2 K is shown in Fig. 3. A characteristic sharp
zeso phonon line js observed at 0.825eV. The corres-
ponding spectrum taken at 77 K is shown for compari-
son. These data provide experimental evidence that the
observed photoluminescence peaks are due to Cr.
Systematic photolumincscence measurements at 4.2K
are now under way.

The crystal field splitting of the Cr** levels is mainly
caused by the electrostatic ficld of nearest neighbor As”
ions. It thus follows that the crystal field splitting is
almost independent of composition x. Therefore the
separation of the *T, and the °E levels is approximately
the same for all compaositions even though the cnergy
gap of the crystal varies with composition. The influence
of next nearest neighbors on the crystal field splitting of
the Cr?* levels should be evident from our photolumin-
escence measurements at 4.2K on Al,Ga,  As:Cr:Sn
crystals with different values of x.

1t is tentatively assumed that the energy difference
between the Cs?* (°T;) ground level and the bottom of
the conduction band increases in proportion to the
energy gap of the crystal. This assumption is very well
fulfilled by several other deep impurities in Al,Ga,_ . As
crystals. According to Lang [5, 6], all levels in
Al, Ga;_, As except vacancy levels have the same relative
shift, £(x)/E(0), with x as the band gap. Using this rule,
we conclude in our case that the separation of the Cr**
ground level and the bottom of the conduction band

113
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Fig. 1. Photoluminescence peak due to Cr?* in umd

AL, Ga, . As:Cr:Sn forx =04 > . .
+Ga, . As:CriSn forx = 042 when measured at 77K Fig. 3. Photoluminescence peaks due to Cr** in

Al Ga;_, As:Cr:Sn for x = 0.23 when measured at 77
and 4.2 K. The characteristic zero phonon line is at

21 0.825¢V in the 4.2 K spectrum.
20
19 .
should change about 0.3 ¢V in Al,Ga,_, As when x
1.8 changes from 0 to 0.42. Therefore it follows that, if the
s 17} 0.84 eV photoluminescence band were due to transitions
= between the bottom of the conduction band and the
E’ 16 ground level of Cr?* (Stocker er al. model), the energy
W ysk, location of this band would change with x and for
e} x = 0.42 the band would be centered at about 1.1eV.
14}- Based on our experimental results and the considerations
4 cr?’ ¢ described above we conclude that the Cr** photo- .
Os‘r__...i._.._. POSEPS Py luminescence peak is due to intraimpurity transitions
o7k between the 5£ and *T, crystal field states of Cr?*. Pre-
cise measurements (transient capacitance and photo-
06} O.Lt 5 01120 0f30 Ol Y c.apacitance) of the ionization energy of Cr** as a func-
COMPOSITION OF Al,Ga,_,AsCrx tion of x are now under way.
Fig. 2. Dependence of the position of the Cr** photo- Acknowledgements - We wish to thank B.L. Mattes of
luminescence peak and of the energy gap on Al compo- the Center for Materials Research at Stanford and our
sition x in Al, Ga,_, As:Cr:Sn crystals when measured associates at Stanford Electronics Laboratories for many
at 77K. helpful discussions.
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Properties of Cr deep levels in Al,Ga,_,As:Cr

K. Kocot,® R. A. Rao,! and G. L. Pearson
Stanford Electronics Laboratories, Stanford University, Stanford, California 94305
(Received 6 September 1978; revised manuscript received 30 January 1979)

Studies have been conducted which clarify the mechanism producing the 0.8-¢V photolumincscent band in
Al ,Ga, ,As:.Cr. Photocapacitance was employed 1o measure the optical ijonization energies of Cr?* with
respect to the conduction and valence bands as a function of composition x. It was shown that the sum of
the optical ionization energics of Cr** exceeds the direct energy gap by an amount AE, the magnitude of
which decreases with increase in x. An explanation of this result is given in teems of the conduction-band
structure and Stokes' shift. Photaconductivity measurements were carried out which establish the degeneracy
range of the Cr'*(’E) excited level with respect to the conduction band as x is varied from O to 0.6.
Alternate models of photoluminescent intraimputity trausitions from Cr levels in n- and p-type crystals are

analyzed.

L INTRODUCTION

Gallium arsenide doped with Cr has been the
subject of numerous investigations!~* because of
its great technological importance. However, the
physical nature of the Cr centers has not been
firmly established. The AlGaAs:Cr system may
have even greater technical importance [e.g., as
the semi-insulating material in metal insulator

semiconductor (MIS) field-effect transistor devices].

photoluminescent studics on AL Ga,  As:Cr sin-
gle crystals at 77 K have shown®7 that the Cr?*
band located at 0.8 eV is independent of Al com-
position x. This result led us to conclude that
this band arises from internal transitions between
the *E excited state and the °T,(Cr®) ground level.
The present study was undertaken in order to de-
termine the energy level diagram of the
Al Ga _ As:Cr system and to obtain further exper-
imental evidence concerning the nature of the pho-
toluminescent transitions which produce the 0.8~
eV band.

IIl. CRYSTAL GROWTH

The ALGua,. As:Cr single crystal layers were
grown on (100) GaAs substrates using liquid-phase
epitaxial (LPE) techniques. High quality crystals
of the desired composition (0 <x <0.6) were pre-
pared by adding the required amount of Al to As-
saturated Ga melts as specified by the phase equi-
libria data of Panish and llegems.® Semi-insulat-
ing crystals were obtained by adding 0.5 mole%
Cr to the melt and n- or p-type layers were grown
by doping with Sn or Ge.

Prior to growth, the melts were baked out for
50 h at 800 °C in flowing H, to remove residual
impuritics. The melt was then placed on the sub-
strate and an LPE layer, =5-pum thickness, was
grown as the system cooled from 800 to 785 °C.
Terminating the growth cycle at 798 °C, provided

19

=0.5-pm layers. The semi-insuliting layers had
differential resistivities in the 10" £ cm range
at 1V, and the carrier concentration in the Sn or
Ge doped layers was adjusted to 15 % 10' ¢m™3,

IIl. PH{OTOCAPACITANCE MEASUREMENTS

Electron-spin resonance studies®'! have shown
that Cr can be present in three different charge
states in GaAs. These include Cr™*, Cr®, and Cr*
ions which are in order (i) neutral, (ii) single
negatively and (iii) double negatively charged with
respect to the lattice.

Photocapacitance measurements were carried
out in order to determine the location of the Cr?
ground level within the energy gap of ALGa,_,As:Cr
and its dependence on composition x. A double
source photocapacitance technique, as described
by White et al.,'? was used for this purpose.
Schottky barrier diodes were prepared by evapor-
ating small Au dots on (#)A).Ga,_ AS:Cr single-
crystal layers and breaking down one of the dots
to form an ohmic contact.

The sample was irradiated simultaneously with
light at both the prime and probe energies. The
prime energy was fixed slightly below the band
gap while the probe energy was varied to excite
the various levels under investigation (0.7 to 2.2
eV in our studics). The prime light creates a
fixed population of holes on the Cr?* levels which,
in accordance with the transition probabilities and
rclevant rate equations, produces a steady state
capacitance. This capacitance is altered as the
second light source (probe radiation) is swept from
low to high energies. Above the ionization energy
of Cr* or Cr* the probe light upsets the steady
state populations by transfer of carriers to the
conduction or valence bund, respectively. These
carriers are swept away by the electric field at
the depletion region, thus altering the space churpe
distribution so that the capacitance changes to a

2059 ©1979 The American Physical Socicty
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2060 ] K. KOCOT, R. A. RAO, AND G. L. PEARSON 19

new value, greater or smaller accc.ding to wheth-
er the transitions are to the conduction or valence
band,

A typical photocapacitance spectrum of an n-type
ALGa _As:Cr crystal is shown in Fig. 1 as mea-
sured at 85 K. Two thresholds are observed which
we assign to Cr levels. This assignment is based
on the fact that the thresholds appear only in Cr
doped samples, and that they are located in the ex-
pected energy range. The negative change of ca-
pacitance corresponds to transition of holes from
the Cr* level to the valence band, and its thresh-
old gives the position of the Cr* level with respect
to the top of the valence band. The positive change
of capacitance corresponds to the transfer of elec-
trons from the Cr® level to the conduction band
and its threshold gives the location of the Cr** level
with respect to the conduction band. ‘The measured
value is dependent on the relative positions of the
I’ and L minima as will be discussed in Sec. V.

The thresholds of electronic transitions from
the Cr* ground level to the conduction band
are shown in Fig. 2(a) for crystals having dif-
ferent values of x. It is seen that the optical
ionization energies vary from 0.80 to 1.00 eV
when x varies from 0 to 0.42. Figure 2(b) shows
the thresholds of hole transitions from the Cr?*
ground level to the top of the valence band as ob-
tained from the same set of crystals. In this case
the optical ionization encrgies vary from 0.90 to
1.20 ev. A summary of the data together with the
I and L band gap energies are given in Table I.

It is to be noted that the sum of the ionization
energies at each value of x exceeds the direct
bandgap Ef by an amount AE. This excess, as
plotted versus crystal composition in Fig. 3, de-
creases with x but levels off around 0.3. This be-
havior will be discussed in Sec. V.
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FIG. 1, Photocapacitance spectrum of # -type Alg 4y
Gag,gAs:C'r at 85 K, The structure between 1.0 and 1.3
eV arises from the Cr? level.
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Similar photocapacitance measurements were
carried out on p-type crystals. Since it was im-
possible to make satisfactory Schottky barriers on
this material, the measurements were made on
grown (pIALGa , As:Cr - (n*)GaAs heterojunctions.
Thresholds were observed at the same energies as
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TABLE 1. Optical ionization cnergies of Cr with respect to the valence and conduction
bands at 85 K. (All energies are given in clectron volts.)

Cr? — valence

x? band® conduction band — Ccr*** ZE,9 B EE ! AES
0 0.90 0.80 1.70 1.52 1.71 0.18
0.12 0.99 0.83 1,82 1.67 1.79 0.15
0.20 1.04 0.85 1.89 1,77 1.84 0.12
0.27 1.09 0.89 1,98 1.87 1.89 0.11
0.35 1.14 0.94 2.08 1.98 1.93 0.10
0.42 1.20 1.00 2,20 2.09 1.98 0.11

2A) composition of Al,Ga,_,As:Cr crystal,

YJonization energy of Cr® with respect to the valence band,
¢ Jonization energy of Cr? with respect to the conduction band.

4Sum of the ionization energies.
*Band gap at the I point.

{Hand gap «t the L point (295 K).
SLE, - Ef.

in n-type AL Ga, ,As:Cr, but the direction of capa-
citance change was reversed. Increase of capaci-
tance in p-type crystals is caused by hole emission
from the Cr?® center, while transitions from the
Cr? level to the conduction hand (electron emis-
sion) are observed as a decrease in capacitance.

1IV. PHOTOCONDUCTIVITY MEASUREMENTS

Photoconductivity measurements were carried
out in order to determine the composition range
in which the Cr?*(°E) excited level is degenerate
with the conduction band and also to verify the op-
tical ionization energies obtained from our photo-
capacitance measurements.

N-type ALGa,_ As:Cr LPF layers with selected
Al compositions were grown on high resistivity
undoped GaAs substrates. Ohmic contacts were
applied to the conduction layer by alloying In
pellets.

The photoconductivity spectra shown in Fig. 4
were recorded from crystals having compositions
0.0 <x £0.6. The peaks centered around 0.95eV are
due to *T,(Cr®*)~°E transitions; those at 1.5 eV
are from band-to-band transitions in the GaAs
substrate and those at higher energies from band-
to-band transitions in the AlGaAs layer. Note that
the Cr peaks are present in crystals with x =0,
0.12, and 0.23 but are absent when x =0.38 and
0.60. The °E excited level must therefore be with-
in the conduction band when x < 0.23 and within the
band gap when x > 0.38.

V. DISCUSSION

This seclion will discuss the dependence of the
ionization energies of Cr?* on Al composition, the
degencracy of the *E(Cr?) excited level, and al-
ternate models for describing photoluminescent

intraimpurity transitions in AlGaAs:Cr.

It was mentioned in Sec. III that the sum of the
optical ionization energies with respect to the val-
ence and conduction bands exceeds the direct ener-
gy gap by an amount AE. The relationship be-

x=0.0

0.12

M\//\ 0.23
0.38

)
A
s b 1 1.2 L_.a
o8 1.2 16 20

PHOTON ENERGY, hv (eV)

PHOTOCONDUCTIVITY (arb. units)

1

b

FIG. 4. Photoconductivity spectra of (n)Al,Ga,. As:Cr
at 85 K. The peaks located near 0,95 oV are due to Cr?*
internal transitions,
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tween AE and Al compositions x, as shown in Fig.
3, can be explained by the conduction band struc-
ture of Al,Ga,. As:Cr after taking the Stokes shift
into account. The L minimum is 0.19 ¢V above
the ' minimum in GaAs. The Cr level is highly
localized in real space and hence is delocalized
(spread out) in & space so that optical transitions
are possible to the I. minimum. Since the density
of states in the T’ minimum is much smaller than
in the L minimum, only the higher-energy re-
gions of the valley contribute to the photocapaci-
tance change. Even at x =0 the change of capaci-
tance as a result of transitions to the I. minimum
is larger than that due to transitions to the I' min-
imum. As x increases, the I' minimum moves up
in energy faster with respect to the valence band
than the L minimum and both have approximately
the same value at x=0.4. Beyond this point

Al Ga, As:Cr becomes an indirect gap material.
It thus follows that the energy involved in optical
transitions from the Cr?* ground level to the con-
duction band should increase rapidly at first as x
increases from zero but approach a constant value
as we approach and pass v =0.4.

The DLTS measurements of Lang and Logan on
GaAs:Cr'? have shown that the thermal ionization
energy of transitions from Cr* to the bottom of
the conduction band is 0.61 eV. Hence, at x=0,
the energy involved in optical transitions into the
conduction biand should have an intermediate value
between 0.61 eV (T valley) and 0.80 eV (L valley)
which is consistent with the value of 0.80 ¢v
(AE =0.18 eVv) given in Table 1. Based on these
considerations, AE is expected Lo approach 0 as
x appruaches 0.4. However, a coniribution from
the Stokes shift causes A E to level off at 0.1 eV
as irdicated in Fig. 3. It should be noted that the
thermal excitation energy of GaAs:Cr plus its op-
tical ionization cnergy to the tap of the valence
band is equal, as expected, to the direct bandgap
encrgy (Ef =1.52 eV at 85 K).

From the above analysis and the experimental
resulls presented in this paper, we Fave drawn
the energy level diagram shown in }ir, 5. The
solid data points give the position of the *7,(Cr?*)
ground level with respect to the conduction band
as obtained from photocapacitance thresholds,
and the open circles indicate the energy position
of the *E excited level as obtiined from photocon-
ductivily peaks. The dashed portion of the curve
has been extrapolated beyond the region where
measurements were possible, 1t can be seen that
the Cr2*("E) excited Jevel is a resonant state (de-
generate) in ALGa,  As:Cr crystals when v is less
than =0.35 but is a discrete state ( a state lying
within the band gap) when v is greater than this
value.

3.0}- r
by 2'0;/0/"’7/_”'
o 3
G /
; 3T,(Cr*)
1y} 1.0:/‘/./'

o | S S N SR BN R U N

(o} 0.2 0.4 0.6 0.8 1.0

ALUMINUM COMPOSITION, x

FIG. 5. Energy level diagram of Al,Ga,. As:Cr. e
from photocapacitance data, o from photoconductance
data—extrapolation,

The results presented in Ref. 6 together with
the photocapacitance and photoconductivity data
given above prove that the 0,8-eV photoluminescent
peak in ALGa,_ As:Cr is due to intraimpurity
transitions.

The models shown in Fig. 6 are proposed to ex-
plain internal field transition in both n- and p-type
AlGaAs:Cr crystals. The Cr atoms occupy Ga or
Al siles and therefore appear in the 3+ charge
state in high purity crystals. However, compen-
sation exists in n-type material containing shallow
donors which converts Cr to the 2+ charge state.
Electrons arc excited from the Cr**(T,) ground
level to the conduction band by Liser light to pro-
duce Cr in the 3+ charge state and an electron in
the conduction band. The Cr* center then captures
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FIG. 6. Possible excltation mechanisms of phololumin -
escence in n- and p-type Al Ga,_ As:Cr crystals hased on
crystal-field theory,
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an clectron to produce a Cr?* center in the "E ex-
cited state which decays radiatively to emil the
photoluminescent signal as shown in Fig. 6{(a).

In p-type AlGaAs:Cr, clectrons are excited from
the valence to the conduction band and then cap-
tured by the Cr* centers to produce a Cr** center
in the "E excited state which, as inn-type crys-
tals, decays radiatively to give the 0.8-eV pholo-
luminescent peak | Fig. 6(b)]. A second mechunism
is also possible in p-type crystals. Electrons are
excited by the laser light from within the valence

band to the *E excited state of Cr* and thea decay
radiatively to the *T, ground level lo produce the
photoluminescent peak as shown in Fig. 6(c).
Probably each of the described mechanisms con.
tributes to the 0.8-eV photoluminescent band in p-
type AIGuAs:Cr.
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I. Objective

The objective of this research program is to prepare semi-
insulating Al,Gay_yAs:Cr epilayers for use in studying the interface
properties of Al,Gaj_yAs:Cr/GaAs heterojunctions and to determine

the utility of this system for MISFET applications.

II. Materials and Device Preparation

A total of 12 device structures were prepared during the past
quarter. A1l epitaxial layer structures were grown by LPE techniques.
The emphasis in this phase of the program was to define the growth
procedures required for reproducible growth of highly compensated
Al

G As:Cr epilayers. The independent parameters investigated

0.5°%0.5
were the time and temperature of the melt bakeout preceding crystal
growth.

A growth run consisted of first lToading two Ga melts into the
growth system, one melt was undoped and the other contained nominally
0.47 at 9/g Cr. These melts were then baked in flowing H2 for a
prescribed time and temperature. The furnace was then cooled and Al
metal, undoped polycrystalline GaAs, and an (n*)GaAs:Te substrate
were loaded into the system. The furnace was then heated to 800°C
for two hours before starting growth. Each grown device consisted

15 _ 10]6 cm'3) and

of a 4 micron thick layer of GaAs(n-type n =~ 10
a 0.8 micron layer of AIO.SGaO.sAs:Cr. Qur study of the melt bakeout
conditions defined the compensated growth regime as the temperature
interval between 486 and 500°C. Regardiess of bakeout time, melts

baked out at temperatures below this interval always produced n-type




Alo.sGao'sAs:Cr layers and melts baked above this interval always
produced p-type Alo.sGaO.SAs:Cr layers. The effect of bakeout time
within the compensated interval was observed to affect the electrical
uniformity of the layers. The best results to date have come from
melts baked out in the interval between 488 and 490°C.

The layers were characterized by optical and scanning electron
microscopy. Figure 1 shows SEM photomicrographs of sample 917 at
two different magnifications. As can be seen from Fig. 1b, the
metallurgical Alo_sGao’5As:Cr/GaAs interface is abrupt and no
precipitates are observable in the Alo.sGaO.SAs:Cr layer. As deter-
mined from Fig. la, the thickness of the GaAs layer is 4.65 microns

and that of the A]O 56a0 5As:Cr layer is 0.79 microns.

ITI. Electrical Measurements

I-V measurements were performed using a Keithly 610 electrometer
in the feedback mode. Fig. 2 is a plot of the I-V characteristics
of an MIS diode made from wafer No. 917. Assuming that the current
is dominated by the resistance of the Alo_sGao.SAs:Cr layer, the data
from the ohmic range of the characteristic yield a bulk resistivity
of 1.4 x 1011 ohm-cm.

Capacitance and conductance versus voltage measurements were
made at 1 kHz, 10 kHz and 1 MHz (point by point) using an H-P 4270
Automatic Capicitance Bridge. Capacitance versus voltage characteris-
tics were also measured at 1 MHz with a Boonton 728 capacitance meter
while the gate voltage was swept at 0.2 V/sec. Fig. 3 exhibits

point by point plots of the C-V characteristics of a diode from
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1
I

wafer No. 917 taken at 1 kHz, 10 kiiz and ¥ MHz. Figure 4 is a plot of

the 1 MHz characteristic (measured on the Boonton meter) measured

on the same device 2 days prior to the measurements of Figs. 2 and 3.
As can be seen by comparison of Figs. 3 and 4, the device

characteristics at 1 MHz have altered significantly. The major

difference is that Fig. 4 exhibits a flat characteristic at large

negative biases whereas Fig. 3 shows non-equilibrium MIS behavior.

It was also observed that the device current at all voltages increased

with time. This is consistent with the change observed in the C-V

characteristic. Etching and annealing experiments of the degraded

devices were not successful in restoring the characteristics.

IV. Conclusions

Work to date has focussed on the development of procedures
for the growth of semi-insulating AIOOSGaO.SAs:Cr layers. Layers
having resistivities of 1.4 x ]0n ohm-cm have been grown by this
technique. Electrical measurements on devices prepared from these
crystals indicate that the insulating properties of such layers
afe sufficient for MIS behavior to be observed.

Work during the next quarter is planned to produce a continuous
supply of high resistance layers. These will be used in detailed
electrical studies of the interface. These programs will proceed
in parallel with refinements of the growth procedures that include

the effect of bakeout time.
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I. Objective

The objective of this research program is to prepare semi-insulating

AlyGay_yAs:Cr epi-layers for use in studying the interface properties of
AlyGay_yxAs:Cr-GaAs heterojunctions and to determine the utility of this

system for MISFET applications.

II. Materials and Device Preparation

Work in this area was focussed on refinements of the crystal growth
procedures with respect to bakeout time of the Ga and Ga:Cr melts. The
melt bakeout temperature was varied from 460 to 495°C and the m21t bakeout
time was varied between 17 and 70 hours.

The overall result from this study was that, as the bakeout time
increased from 17 to 70 hours, the nominal temperature of the bakeout
necessary for growth of compensated layers decreased from 490 to 478°C.
Crystals grown from melts baked out at temperatures above this interval
were p-type and below were n-type. This result indicates that the major
effecc of bakeout time is to reduce the n-type impurity content of the
melt by a process which is kinetically limited but not strongly thermally
activated. In contrast, the incorporation of p-type impurities is strongly
thermally activated. )

This last conclusion is supported by multiple growth experiments
from the same melt where it was found that successive growth which produced
partially compensated n-type crystals during the first run always produced
partially compensated p-type crystals even with saturation periods as

short as 50 minutes.

3




IT11. Electrical Mcasurements

Electrical studics consisted of capacitance versus voltage measure-
ments at 1 MHz performed as a function of gate voltage sweep rate, tempera-
ture, light intensity and spectral content. Capacitance versus voltage
measurements were also performed as a function of frequency at room tempera-
ture. _in addition, I-V measurements taken as a function of temperature,
light intensity and spectral content as well as frequency.

The MIS diodes were fabricated from wafers consisting of an 8000 R

thick Alg, 5Gag,sAs:Cr layer grown on top of a 4 micron thick GaAs layer
having a nominal electron density of 1 x 1016/cc.  This heterojunction was
grown on top of a 450 micron thick (n*) GaAs:Te substrate. Diodes were
fabricated by evaporating Au-Ge/Ni on the substrate and 1 x 10-3 cm@ Au/Cr
dots on the Alg sGag gAs:Cr layer. The underlying Cr layer was =300 f and
the Au layer was=2000 R.

Figure 1 is a reproduction of a C-V trace obtained at 1 MHz as the
gate voltage was swept at .2 V/sec with the sample in the dark at room
temperature and in vacuum, The key feature of this characteristic is that
the maximum capacitance occurs at negative 0.8 volts. It was found experi-
mentally that samples having maximums in the range from 0.5 to 1.0 volts
negative all had similar characteristics. These comprised the group of
samples studied in detail during this quarter. An analysis of this charac-
teristic shows that the GaAs layer at the heterojunction interface is slightly
accumulated at zero bias and that the Alg.g5Gag 5As:Cr is fully depleted but
has a slightly varying capacitance with respect to voltage.

Figures 2 and 3 are log log plots of the I-V characteristics taken at

room temperature in vacuum, showing the effect of 1ight on these devices.

-2~
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The main features of these curves are that (for both polarities) the sharply

rising current characteristic saturatgs at a constant current step. This
part of the characteristic has a field emission t&pe I-V characteristic

(I o V2 exp(-b/V), indicating high fields at the heterojunction which causes
Fowler-Nordheim type tunneling to be the current controlling mechaqism'in

the device.[1] In this mechanism the current is controlled by the tunnel-

ing probability and the thermal generation rate of.carriers in the GaAs
layer. A constant current step occurs in the charaétpristit when the

device current is limited by the supply of cafriers in tﬁe GaAs layer. This
indicates the onset of nonequilibrium behavior.[2:3] 1t is found that, in
the dark, this constant current step occurs when the Fermi level at the
heterojunction interface moves into either the conduction band for positive
Au/Cr bias, or into the valence band for negative Au/Cr bias. Figures 2 and
3 show the effect of 8000 ! light on the I-V characteristics. Light of this
energy is absorbed only in the GaAs 1ayer. The family of curves in the ‘
figures are generated by starting off with the full output of the mono-
chromator and then successively attenﬁating the output with neutral density

filters. Here I = jo(filter number)  the result shows that

max/I incident
the current in the step is controlled by the generation rate of carriers in
the GaAs layer. In the dark the thermal generatioh rate is controlling while
in the light the optical generation rate is controlling.

In the Cr negative characteristic, the lateral shift in the steeply
rising part of the characteristic is caused by the action of light flatten-
ing the bands in the GaAs layer. For this MIS diode under maximum i1lumi-

nation the positive and negative characteristics nearly superimpose in the

steeply rising current region. For diodes having a flat band voltage




approximately 0.2 volts more positive, the characteristics superimpose in
the dark.

The combined results of the I-V and C-V measurements indicate that
for devices having nominally the band structure indicated above, it is not
possible to increase the field across the Alg gGag sAs:Cr layer past the
point where either heavy accumulation or inversion should occur. Non-
equilibrium conditions prevail beyond this field. As noted before, this
effect is strongly dependent on the point of maximuﬁ capacitance and pre-
liminary measurements indicate that the barriér to curreﬁt flow increases
as this point becomes more positive, consistent with the devices reported
in the last quarterly report.

The results of I-V measurements with temperature as the independent
parameter indicate that, under low bias conditions, the current in these
devices is controlled by ohmic conduction in the Alg gGag sAs:Cr layer,
yielding a resitivity of ~ 1017 ohm-cm.

The affect of temperature on the 1 MHz C-V characteristics indicates
that the variation in capacitance at bias voltages more positive than the
point of maximum capacitance is controlled by charging of the Alg,56ag,5As:Cr
rather than modulation of the depletion region in this layer. This is
supported by measurements at 77% which yield a perfectly flat character-
jstic in this bias range when the voltage is swept in the positive direction.

The measurements of capacitance versus frequency support the above
results in that they indicate nonequilibrium behavior at voltages where
either heavy accumulation or inversion should occur. Ihe results to date
suggest that, for bias voltages which should modulate the position of the

Fermi level within the GaAs bandgap at the interface, equilibrium behavior




is observed. Preliminary analysis of the reshlts indicate strong charging
effects in the device that peak when the Férmi level crosses the middle of
the GaAs bandgap at the interface. These states begin to respond at 1 kHz,
the lowest measurement frequency used to date.

The major conclusion drawn from data takenAthis quarter is that, wjih
Alg sGap, sAs:Cr layers, it is possible to create h%gh_electfip fields at the
GaAs surface. Due to the magnitude of the device ﬁurrenis it was not pos-
sible to study accumulation or inversion properties in these samples.
Tentative results indicate that useful information regarding the nature of
the interface can be obtained from these devices by an equilibrium analysis.
Work during the next quarter will focus on the effects of band structure on
controlling the current through the device in order to extend the analysis

to higher insulator fields.
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I. DObjective

The objective of this research program is to prepare semi-insulating
Al1,Gay_xAs:Cr epi-layers for use in studying the interface properties of
AlyGay_xAs:Cr-GaAs heterojunctions and to determine the utility of this

system for MISFET applications.

IT. Device Preparation and Electrical Measurements

The MIS diodes were fabricated from wafers consisting of an 8000R
thick Alg, 5Gag, sAs:Cr layer grown on top of a 4 micron thick GaAs layer.
The latter had a nominal electron density of 1 x 10'0/cc. This hetero-
junction structure was grown top of a 450 micron thick (n+) GaAs:Te
substrate. Diodes were fabricated by evaporating Au-Ge-Ni on the substrate
and 1 x 10-3 cn? Au/Cr or Pt/Cr dots on the Aly gGag gAs:Cr layer. The
underlying Cr layer was ~300R thick and the Au (or Pt) layer was ~2000A.

Flectrical studies consisted of capacitance and A.C. conductance mea-
surements on the MIS diodes. The frequency range of the mcasurements
extended from 10 Hz to 1 MHz. The temperature range was from 77° to 600°K.
The measurements at a frequency of 1 MHz used a Boonton 72B capacitance
meter while those in the frequency range of 100 kHz to 10 Hz used a lock-in
technique employing a PAR lock-in amplifier and a PAR current amplifier.

In all measurements the gate voltage was swept at 0.2 V/sec and the capaci-
tance (or conductance) was recorded on an x-y recorder.

An admittance spectroscopy technique described by H. C. Casey, et al.,
J. Vac. Sci. Technol. 15, 1408 (1978), was employed in an attempt to deter-
mine the spatial location and energy of localized centers in the Alg,gGag, gAs:Cr
layer. In this technique the A.C. conductance is recorded as a function of

temperature with the frequency of measurcment as the independent variable.
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In the simple theory each such trace should yield a peak at some temperature

and no signal for higher or lower temperatures.

The results of this latter technique were obscured by an exponentially
rising leakage current which made determination of the peak position diffi-
cult for the bias range under study (-5 to -3 V). In this range, the leakage
conductance and the D.C. I-V characteristic had an activation energy of
0.285 eV.

Figure 1 is a reproduction of recorder traces showing the variation of
capacitance versus voltage at 1 MHz, 100 kHz, 10 kHz, and 1 kHz on a given
device. Figure 2 shows the I-V characteristics of this same device. The
I-V characteristics were discussed in detail in the last quarterly report.
Figure 3 compares A.C. conductance and capacitance versus voltage of this
same device measured at a frequency of 1 kHz. A1l measurements reported
here were performed on devices held in darkness and at a pressure of 1 micron.

The dominant features of Fig. 1 are the two sharp peaks that grow with
decreasing frequency which are located at -4 and +1 volt, respectively.

Both of these peaks also appear in the G-V trace at the same bias voltages

as evident in Fig. 3. Both peaks occur near the onset of the constant current
step which appears in the D.C., characteristics. It can be seen from the
figures that the peak at +1 volt occurs only when the gate voltage is swept
from positive to negative voltages. This peak is relatively temperature
insensitive, and a fit to an activation energy appears to yield=0.01 eV.

This weak temperature dependence suggests that the frequency dispersion at
this bias is due to tunnel injection of charge into states in the
Alg,sGap,sAs:Cr layer. This hypothesis is supported by the fact that
beginning at 1 kHz and for ower frequencics this peak splits into a very

sharply defined doublet which is characteristic of tunneling into localized
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states. The peak at -4 volts is dominated by an activation process having an
energy of 0.285 eV. The role of this activated process in increasing the
magnitude of the capacitance is not known at present.

/ Figure 4 shows traces of the 1 MHz C-V characteristic of two different
devices with slightly different compensation ratios in their Alg gGag, gAs:Cr
layers. Since all carriers due to uncompensated donors or acceptors are
swept out of the Alg_sGag,5As:Cr layer, the net effect is to vary the levels
of ionized donors or acceptors which in turn cause a voltage shift of the
point of maximum capacitance. This different is evident in Fig. 4. The
other difference between the two traces is the magnitude of the variation

of the capacitance with voltage. This difference is due to the relative

response of states in the Alg gGag,gAs:Cr layer to the measurement signal.
Work during the next quarter will focus on determining the relationship
between the compensation ratio of the Alg, 5Gag, sAs:Cr layers and the A.C.

electrical characteristics. '
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Reproduction of recorder traces showing the variation of capacitance
versus voltage at 1 MHz, 100 kHz, 10 kHz and 1 kHz. The device is an
Au/Cr-Alg sGag gAs:Cr-GaAs MIS diode of 1 x 10-3 cm? area. Measure-
ments were performed in darkness at 1 micron pressure. The voltage
refers to the polarity of the Au/Cr dot. The bias voltage was swept
by a triangular waveform at a rate of 0.2V/sec.
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Fig. 3 Capacitance and AC conductance versus voltage for a measurement
frequency of 1 kHz. The device is the same as that used in
Figs. 1 and 2. The bias voltage was swept through an entire cycle
of the triangular waveform used to bias the sample. The arrows

indicate the sweep direction.
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Fig. 4 Recorder traces of the 1 MHz C-V characteristics of two different

devices with slightly different compensation ratios in the
A19.56GaQ.5As:Cr layer. Device 1 is the same as that whose measure-
ments appear in Figs. 1, 2 and 3. The two devices are identical in
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I. Objective

The objective of this research program is to prepare semi-insulating

Al,Gaj_yAs:Cr epi-layers for use in studying the interface properties of
AlxGaj-xAs:Cr-GaAs heterojunctions and to determine the utility of this system

for MISFET applications.

II. Crystal Growth

Work during this quarter centered on the examination of impurity incor-
poration into the Al,Gaj_,As:Cr Tayer from sources other than growth system
reactions.

The growth parameters studied include the melt bakeout temperature, the
melt bakeout time, the growth temperature, the saturation time before growth
of the AlyGaj-xAs:Cr layer, the thickness of the underlying GaAs layer, the
Cr concentration in the melt and the impurity content of the GaAs melt.

It was found that if the melt bakeout temperature fluctuated beyond +5°C
the impurities added from the growth system reactions were the dominant
variable in controlling the compensation ratio. The next most important
mechanism affecting the compensation ratio was found to be contamination of
the AlyGay_xAs:Cr melt by the GaAs buffer layer. The impurity content of the
GaAs melt was established by the following distinct mechanisms: (1) the melt
bakeout conditions, (2) contamination from the substrate, and (3) by inten-
tionally added impurities.

It was found that GaAs layers grown from undoped melts were n-type with
carrier concentrations of + 5 x 1016 c¢m=3 when grown on (n+)GaAs:Te substrates
and ~ 5 x 1013 ¢em=3 when grown on SI GaAs:Cr substrates. Undoped GaAs layers
which had been grown on SI GaAs:Cr substrates had no observable effect on

contaminating the Al,Gaj_,As:Cr layer. GaAs layers grown on GaAs:Cr substrates




that had been doped p-type with Ge to 1 x 1016/cn-3 contaminated the
AlyxGat-xAs:Cr layer so as to shift the compensation ratio towards p-type
doping. Experiments are in progress to ascertain if this can be compensated
for in a reproducible manner.

A boron doping study is underway to determine its utility in facili-
tating the growth of compensated Al,Gaj_yAs:Cr crystals. It has been reported
that bulk GaAs crystals grown in the presence of B703 cannot be electrically
doped with Si. Silicon is one of the major growth system contaminants in the
LPE process. If this Si contamination can be easily made electrically inactive
then close compensation should be facilitated. The only results to date are
that melts containing up to 5 atomic percent B have no deleterious effects on

the surface morphology of the grown layers.

IIT. Electrical Measurements on MIS Capacitors

Planar MIS capacitors were fabricated from wafers which consisted of
an 8000 AR Al gGag gAs:Cr surface layer, a 10 ym (n)GaAs (n = 5 x 1015 cm'3)
active layer and a SI GaAs:Cr substrate. The contact to the Alg,5Gag, sAs:Cr
layer was a 1 x 10-3 ¢m2 area Pt/Cr dot, and the contact to the (n)GaAs
layer was evaporated and alloyed Au-Ge. I-V and C-V measurements were made
at room temperature and 90K. The C-V measurements were made at selected
frequencies between 10 Hz and 1 MHz.

The most interesting feature of the I-V characteristics was the magnitude
of the current when the Pt/Cr electrode was made negative. At room temperature
this current exceeded 1 x 10-14 A (1 x 10-11 A/cmz) only at bias voltages
greater than 12 V. At 90K this value of current was exceceded only above 20 V.
Above this voltage the current rose steeply and exhibited the characteristic
of tunnel breakdown. The detection limit of the clectrometer used to measure

the I-V characteristics is 10']4 A.




Figure 1 is a reproduction of the room temperature C-V characteristics

taken at 100 Hz and 1 MHz whereas Fig. 2 exhibits C-V traces at 90K when
taken at 100 Hz and 100 kHz.

The most distinctive feature in both figures is the large frequency
dispersion at zero bias. This is attributed to charge injection and trapping
in the Alg,56Gag 5As:Cr layer. This is also the cause for the large change in
the high frequency traces with temperature. The other notable feature of
the C-V traces is the saturation of the capacitance at necative biases.

This occurs at a voltage where the Fermi level in the GaAs layer crosses

into the valence band. The 100 Hz characteristics show no modulation due to
inversion charge that would be expected for this configuration. At this

bias the leakage current jis too small to measure. This result indicates
that, although the leakage current is too small to push the device into deep
depletion, any excess holes must leak away from the interface. The point at
vhich the capacitance saturates varies with temperature and is characteristic

of the temperature variation of the electron density in the GaAs layer.

1IV. Interface Transport Measurements

The major problem with MIS devices on GaAs which usc deposited insulators
or native oxide insulators is that the interface state density at the GaAs
interface is large. This prevents the operation of such devices in the inver-
sion mode due to their insensitivity to dc bias. To date, every attempt to
measure interface state density at the AlyGaj_yAs-GaAs interface has been
unsuccessful and the reason most often mentioned has been lack of sensitivity
to detect the small number of states beliceved to be present.

The heterocpitaxial insulator S1 Al,Gaj_yAs:Cr has a different physical

mechanisk than those above that most likely inhibits inversion behavior to
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be exhibited in such MIS capacitors. This is the conduction of inversion
charge away from the heterojunction interface. In Si the generation rate is

~ 10% higher than in GaAs. From published results, a typical Si0,-Si interface
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loses its inversion charge at the interface when gate leakage currents are
above + 10-9 A/ecm2. This implies that, at the insulator-GaAs interface, a
leakage current in excess of 10-13 Afenl is sufficien; to remove any thermally
generated inversion charge.

In a device, generation rate is not important since inversion charge is
supplied by injection from the source/drain contacts. The first order
materials property of an MIS device is the reduction in interface states and j
not the reduction of leakaye current.

A structure was designed during this quarter to study the transport
properties of injected minority charge at the heterojunction interface. The

structure has a Pt/Mi gate, designed to modulate the GaAs surface potential l

by means of an applied gate voltage. The main feature of this device is that
the gate and source/drain contacts are self aligned so that no critical
masking steps are involved. Starting with a grown wafer as described in
Section III, the device is fabricated as follows. First the wafer is diced
into 2 x 1 mm chips. Then 1 ym of Ni is evaporated onto the top surface. A
small Pt dot is then evaporated in the middle of the Ni layer. The entire
structure is next heated in Op for 0.5 hour at 630°C to oxidize the outer
surface of the Ni layer (except under the Pt dot) as well as the edge regions
of the AlGaAs layer. Then Au/ln is deposited on the sides of the chip to
form the source and drain contacts after which the structure is hcated in Hp
to diffuse Zn into the GaAs and GaAs:Cr layers. Figure 3 is a cross section
diagram of the completed device. The critical feature of this process is

that the oxidation step provides insulation between the gate and the




source/drain contacts without masking, and also provides a barrier so that

Zn does not diffuse through the AlGaAs layer.
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Fig. 3 Schematic diagram of self-aligned MIS

inversion node transistor. Device pic-
tured is for transport measurements of
a hole inversion layer. Holes are
supplied by p-type injecting source/
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