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Abstract
A one-deep-level impurity, space-charge neutral and steady-state model
is proposed and verified in n-Si samples, overcompensated but not
inverted by gold acceptors. The physics is as-follows, If the photo~
jonization rate of trapped holes at the impurity center is greater than
electrons, then an extrinsic monochromatic illumination will increase
the trapped electron concentration, To .maintain quasi-neutrality and a
constant steady state trapped electron concentration (equal to that of
the shallow level donor), the injected electron concentration into the
compensated n-region must decrease, thus, decreasing the electron or
== and 2oer fpocV

total current since hole concentration is ao lawAfn the presence of a
sw§;¥7out electric field that its contribution is negligible., This
model has sucessfully predicted the observed large NPC (three times or

more reduction of dark current), the high intrinsic optical gain (+50)

and the suwlinearity in dark current.
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A New Model of Negative Photoconduction
I. Introduction
“cjative photoconductivity or photocurrent (NPC) have been reported
in many arorphous materials.ilz/ Well defined NPC was first observed by
Stockm:nngJi/ in electron irradiated Ge, There have been renewed
interests on this effect with experimental cbservations in n-type
semiconductors: gold-doped GeE/, cobalt-doped SiE/ and gold-doped SiZ/.
The intcroretation of the experisental results has been qualitative and
based on Stockmann's two-level impurity modelif. In this model, very
special conditioqs on the thermal capture cross-sections of minority
.carriers are rcquired.zf Because of the.small magnitude observed, the NPC
effect was thought to be a different mechanism than that which gives
large intrinsic photoconduction and optical gain,
’ This paper shows that the observed extrinsic NPC, high intrinsic
optical gain and its associated sublinear dark current can all be
completely accounted for by a one deep-level impurity model in an applied
electric field, In contrast to Stockmann's equilibrium model, the new
model sho-s that NPC ceases when the applied electric field is removed
rresence ef a socllicirat mumdcy \ .
due to the lae of minority carriers,
II, Physics of the Model
Consider a N4IN+ structure under an applied voltage V whose energy
band dia;zran is shown in Fig. 1, The shallow-level donor in the I-region
(donor cc:icentratien ND) is overcompensated but not inverted by a deep-

level acc:ptor impurity (“TT > ND ~ 1615 donors/cma) so that the I-region

is still !-type and N >> P, Thus, the conduction {s dominated by



electron drifting from the left N+ region through the I region. Below
about 105 V/em so that space charge is not important, electrical
neutrality is maintained over the entire I region except the small end
region near the cathode(left N+ region) which can be neglected. Thus,
almost all the excess electrons from the shallow donors are trapped at
the deep acceptors, i.e. NT(trappcd electron concentration)=ND shallow
donors/cm3 and the electron concentration, N, is very small: N<<NT=ND.
" One of the most important point of this model is that the condition of
constant trapped electron concentration will persist under illumination
if ND>1015/cm3 since for practical light intensities (¢<1016 photons/cm2-s)
the photoelectron concentration will safisfy N<<ND=NT.

When the sample is exposed to an extrinsic monochromatic light,
trapped electrons (NT) and holes (PT=NTT~NT) are released. If the
photoionization rate of trapped holes (shown as e; in Fig. 1) is greater
than electrons (e:), then the trapped electron concentration would
increase which is not possible since NT=ND=constant. Thus, the increase
of the rate due to eg over e: must be balanced by a decrease of the
thermal capture rate of electrons (shown as c:N in Fig. 1). This would
decrease the injected electron concentration N and reduce the total
conduction current, giving negative photocurrent.

The neglected hole (minority) contribution, which is positive

under illumination, is small due to the low concentration of holes

precent in the I region (P<<N). However,

suept—out«on~depneméon~in-the~1-region~is-neceasary~fer-NFC and the
afué A

Ppresence of holes will set the lower limit on the &5 electric field

below which the positive hole contribution will mask the NPC.



IIX. Mathematical Solution

The solution can be readily obtained from the physical model just
discussed and the simple solution neglecting holes will be given fipst.
Electrical neutrality in the I region gives 0=P-N+ND-NT=ND-NT when the
total deep level concentration NTT is greater than the shalloy level
donor concentration ND and when ND>1015/cm3. The trapped electron
concentration can be obtained from the steady state balance of the six
rate processes shown in Fig. 1, giving c:NPT-(e:+e:)NT=c;PNT-(e;+e;)PT
so that

c:N = (NT/PT)(e:+e:+c;P) - (e;+e;) (1)

" DNp/(pgeNp)Iepver) = (erred) ‘ (14)
where in (1A) use is made of P<<N<<ND2NT=NTT-PT. The photoelectron
concentration in the I region is then

‘c:AN = DNp/(NpeN ) Je® - e; (2)
which is negative Qnd gives NPC if e;/e: SEND/(NTT-ND)]. This is
possible for the overcompensated but still N-type I region where
NTT>ND and for the gold acceptor level located 7.545 eV below the Si
conduction band gap which has e;/e:>1 in the extrinsic range of
Mo > 670 nV.2 However, the inequality for NPC can still be satisfied
even if e;/e: <1 provided that NTT>>ND.

In the next section, (2) is tested experimentally and found to
give zxcellent result.

To establish the low electric field limit for NPC, the positive
hole contributions must be included in the solution. This is most

evident in (1) and the hole capture term, c;P, when included in (2)

will reduce the negative photoelectron concentration.
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The hole con:entration can be dovwited from the steady state

Arlt
balance between hole recorbination at the deep level and the‘rate of /}/;

sueptﬁnutchyvthe electric field across the I region, giving

P./ttr = (ep-l-ep)(NTT-NT) - cpPN (3)

T
where ttr=L/upE is the hole transit time across the I region,
The hole and electron concentrations in the charge neutrality

D'T
TT>ND No>>N>>P which is valid in Practice as we have just discussed,

condition, P-N+N_-N =0, may still be neglected as leng as

Using ND=NT, the hole concentration fiom (3) 'is given by
= (e ten) Ny /n pILI/LACr /e ) (%)

and the electron concentration from (l) and (4) is then
€N = fND/(NTT-ND)]('B'*"- = /e )t e INEEJR ) (5)
where tp-l/c Ny is the hole lifetime in the I region,

These results are also valid at thermal equilibrium E=0, since
(3) is valid, They show that the thermal equilibrium electron and
hole concentrations would increase with illumination, e: and e;, and
no negative photoeffect would be expected,

The minimum electric field required for NPC can be cbtained from
the photocurrent inequalit ty AJ=q(u AN+LPAP)E < 0. Making use of (4)
and (5), the oneset condition for NPC is then

t
'rp/ttr . upE/chHD

, . 2 .
{l+(e;/e:)(up/un)(c:/c;)[(ﬂ.n./hn)-1] bAtepre a0 /N 3=11-1})

(6)



The second term in the numerator comes from the positive photohole current
with is small compared with 1 at the gold acceptor level in Si where c;<<c;.
A simplier analysis of the threshold condition can be rad: for this
case which reauires that AN<O since the positive photohole current can be
neglected. Fron the steady-state belance of trhe six processes indicated in
Fig. 1, we have then c;PTAN=egNT+c;N?AP-e;?T<0. Thus, c;NTAP<c;?T-e:ﬁT
wh’ch states that for NPC, the thermal caprture rate of phctohcles nmust be
smaller than the photogeneration rate of holzs over electrons. This can
be reduced into a slightly different form using (3) to give ACP/ttr)>e;NT.
which states that for NPC, the drift rate of photoholes must be faster
than photoelectron generation rate.
The threshold condition of the applied voltage for KPC car be

obtained from either of the twc inegualities just cbtained by eliminating
P from (3), giving

! [t;i/(rgl + t;i)]e;PT > e:NT (6R)
which is identical to the cerplete form given by (6) with the photchole
current ternm (second term in the numerator) neglected. It &lso reduces
.to the condition following (2) if ttr«tp or hole contr?bution is completely
neglected at hipgh flelds. 7The result given by (6A) is intuitively
simple: it states that when hole contribution is irportant, NPC can occur
only when the photogeneration rate of hole e:?T, reduced by the prodbadbility

of hole ¢rift relative to therma) hole capture [t:i/(r;l+ t;;)], rust be

greater than photcelectron generation.rate, e:NT.
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The minimum electric field required by (6) is quite low and could

be thought of as a thurmal equilibrium process mistakenly, A numerical

estimate can be made for the gold acceptor in 5i where c:/c;=l.65xlo'g%

1.15x20" '=0. 018 &/ =2x1038/em® and

D
T . e o 0, O
r-upnchphD>["D/(NTT JD)](en/ep)

and c;/eg~1o. Let ¥, (Au)=2N
pp/pn=330/1000, then from (6), we have tpltt
=0,1 so that E(V/enm)>40L(u¥). This example shows that the hole transit
time needs not be small compared with the hole lifetime in order to get
NPC and that i#PC can be expected at rather low electric fields, For - o
example, let L=25uM, then V=EL>2,5 volts., &4 /Jﬂ"}?&"’ Q’Wﬂ'rwlf rished
Ths effect of space charge on the reduction of the NFC can be
estimated from the approximation cdE/dx;-cE/LscV2/L=q(P-N+ND-NT)-q(ND-NT).
This shows that N in (4) and (5) is to be replaced by Ny+cE/qL. Thus,
an increase in space charge or electric field would reduce the total
negative AN, However, for anlolslcma. space charge effect becomes
important only when cE/qL=ND or BxhxlOGV/cm for L=25uM, Thus, there is
a wide range of applied voltage (2.5 to 10“ volts for this example)
where NPC appears and space charge effect is negligible.
The negative photocurrent due to the gold donor level (Ev+3u5 mv)
in Si in the Stockmann two-level model can be shown to be negligibly
small compared with the contribution from the model just presented. To
estirate this contribution, we note that most of the gold donors are in
the neutral state in the I region and its concentration is NTT"D' The
recorbination rate at the donor level is then limited by hole capture

whose rate is c;oP(NTT-nD). This must be added to the hole capture

term at the acceptor level, c;PNT, in (3) and would increase this term



7=0.2. The reduction

€ s £ MEM =8 -
by (cpo/cp)(nTT-xD)/Nnm(cpo/cp)-z.uxlo /1.15x%10
of the electror concentration due to recowbination at the gold donor
level (Stockmann's effect) is also negligible since the electron cap:ure

rate into the gold acceptor level is considerably larger than into the

et wn )

t
- e e S » =
\moccupied donor level, This ratio is ¢ J(NTT ND)/( ™ ar

=c;N(NTT-ND)/[c:_lu(c;0P+cno)/(c:_lH+ep_l)]=(c:/c:-i)(c:—lﬂ+ep_l)/c;°P
=105 using the numerical values listed in references 8, 9 and 10,
IV, Experimental Results

Experimental verification of the new model has been made on gold
diffused silicon N+IN+ diode structures with the following parameters:
thlolslcma, NTT(Au)=2 to 5x1015/cm3, L;12uH. N+ layer thickness=5uM
and area=(,00u45 ch. A comparison between the theory and experiwent on
the spectral response of the photocurrent is shown im Fig., 2 both in
the extrinsic NPC range (labeled (~)) and the positive intrinsic
photocurrent range (labeled (+)), The dark current at the 202°K
sample temperature is 15.5 nA while the KPC peaks at about 30 nA,

The left scale gives the optical gain, shewing that a value of 20 is
both predicted and cbserved in this sample. The maximum intrinsic
optical gain is about 50 and the reduction to 20 in this sample is due
to the &bsorption in the top N+ layer of 5uM thickness.

Data correlating the NPC threshold condition given by (6),
temperature and field dependences of the sublinear dark current and
transient response are obtaired and will be published elsewhere.
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useful comzents made by Dr, J, Bardeen and Dr. A, Rose.



1.

2,

3

L,

S.

7.
8.
9.

10,

References
R, H, Bube, Photoconductivity of Solids, Section 12,5, Wiley (1960)
A« Rose, Concepts in Photoconductivity and Allied Problems, Section
3.17, Wiley (1963)
F. Stockmann, F, E, Klontz, H, Y, Fan and K, Lark-Horovitz,
Phys. Rev. 98, 1535 (1955)
F. Stockmann, 2, Physik lu3, 3ug (1955)
L. Johnson and H, Levinstein, Phys. Rev, 117, 1191 (1960)
C. M. Penchina, J, S, Koore und N. Holonyak, Jr, Phys, Rev, 143,
63¢ (1966); M, C. P, Chang,. C, 4, Penchina and J. S, Moore,
Bull, Arer, Phays, Sec. 1S, Ss4 (1970)
J. R, Bar-ett and G, C, Gerhard, J. Appl. Phys, 38, 909 (1967)
A, F. Tasch, Jr, and C, T. Sah, Phys. Rev, 1B, 800 (1970)
J. M. Fairfield and B, V, Gokhale, Solid-State Llectronics 8, 685
(1965)
C. T, Sah, L, Forbes, L, L, Rosier, A, F, Tasch, Jr. and A, B. Tole

Applied Phys, latters 15, 14S (1969)

Footnotes

# Supported in part by the Advanced Research Projects Agency and the

Air Force OFfice of Scientific Research

% Now with International Business Machine Corporation, Fishkill, New York



Figure Captions
Tha energy band diagram of 4 N+IN+ Qiode Structure. The I region
is doped with a shallow donop of corcentration ND and over-
compensated by a deep level acceptor with concentration ”TT and
energy level ET. NT aid PT=NTT-HT are the trapped eiectron and
hole concentrations at the deep acceptor levi). The six verticai
arrows indicate the four thermal capture angd enission Processes
and the two photoionization Processes of ¢lectrons and holes undep
extrinsic illumination, The rates of the six Processes are siiown
as c:NPT. etc.
Comparison of theory with experirental photocurrent Spectra taen
on a gold doped silicon N+In+ diode at 202% and 10 volts bias,
The theory is calculated from (4) and (s) using the data given
in references 8, 9 and 10, (<) is the Regative extrinsic Photocurrent

region while (+) is the positive intrinsie Photocurrent region,
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