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Behavior of photoconductivity transients due to multiple trapping by a Gaussian distribution
of localized states
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The decay of excess carriers in semiconductors was analyzed under conditions of multiple trapping by a
Gaussian distribution of subband gap states and recombination. Numerical solutions to the rate equations
involving multiple trapping in subband gap states and recombination indicate that a power-law decay is
observed only under limited conditions. The concept of an optimally filled energy level for which a ratio of the
trapping time to the release time has a minimum is introduced for the Gaussian distribution. We showed that
the position of the Fermi level may limit the portion of the distribution that can be effective in the decay. The
results provide an explanation for the nonlinear temperature dependence of the exponentig] teanis
sometimes observed experimenta[l$0163-182@9)11039-7

[. INTRODUCTION round out these studies, the present paper reports the charac-
teristics of the peaked Gaussian distribution, which fre-
Polycrystalline-thin film and amorphous semiconductorsquently is found in disordered systefis: In contrast to
have applications in a variety of devices such as arrays oexponential, rectangular and linear DOS, this distribution has
light sensors, thin-film transistors, photovoltaic cells, flat& region where the density of states increases with increasing
panel displays, etc. Understanding the fundamental propefnergy. As a result, this DOS can cause more complex decay
ties of these materials is important for any applications. Dugdnetics, and this paper highlights the more important fea-
to complicated trapping/retrapping dynamics, localized statéres for photocurrent and photoconductivity. Manifestations
distributions often present in semiconductor materials may! the Gaussian DOS in photoabsorption and photodielectric

affect these properties. Fourieand Laplacg transforma- eff?(ct mleajurer?ttahntsba:]e c_urre?ttlr)]/ ugder s_tud;g_ tribution i
tions of transient photoconductivity and transient photocur- howieage ot Ine benavior of the Laussian distribution IS

rent kineticd > have shown that very structured distributions essential to compare the effects of various distributions on
non-equilibrium charge carrier dynamics. However, there

can result from this analysis. Such d|str|but|ons. may mcludemay be cases in which experimentally observed dependency
any combination of some elementary density of state

. . . ill deviate from those expected for the classical Gaussian
(DOY), i.e., exponential, rectangular, linear, and peake

. . ) ~-distribution. The extent of this deviation will depend on the
Gaussian. Another method, photoinduced midgap absorptloﬁosition of the Fermi level relative to the distribution. In this

(PA),"° uses a pump beam to produce excess carriers thafation, the distribution is distorted from a Gaussian form.
populate localized states in a band gap. Densities of thesphe present paper considers the effects of the pure Gaussian
localized carriers are inferred by absorption of a subsequeRfistribution first. Then, the more complicated situation in-
probe beam. A relatively new metho@dvanced method of volving the position of the Fermi level is considered to illus-
transient microwave photoconductivitgimultaneously pro- trate that it provides a possible explanation to the unusual
vides data corresponding to both of these methods by meaemperature dependence of the power-law decays reported in
suring the effect of free and localized carriers on the imagiiumber of papers.
nary and real parts of the complex dielectric consfaltt.
should be pointed out that the excess carriers measured by
these techniques are ultimately removed by recombination.
As a result the phenomenon differs from time of flight in  The continuous Gaussian DOS function was replaced by a
which excess carriers are removed by transit from one conset of m discrete levels separated by spacihgo that the
tact to the other. energy ofith level is SE;= — E,— Ai, whereE, is a variable
Because the density of statéBOS) distribution is the  offset energy. The concentration of corresponding traps is
link between the multiple trapping model and the experimeny, =g,A, whereg; =g, exp{—[(5E;—Ep)/kTo]? and E, cor-
tal data, it is important to understand how the type of distri-responds to a peak energy positidhy, is a characteristic
bution affects the decay kinetics so that the type of distributemperature describing the width of the distribution. The re-

tion may be inferred less ambiguously from kinetic data.|ease probability; and the capture probability;(t) includ-
Simulated transients based on certain DOS distributions haviig a provision for trap saturation are

been compared under limited conditidisMore recently,
we have used numerical solution of rate equations involving N A
multiple trapping to establish the characteristic effects of 0i(D)=[Ni=An;(1)]Sv
rectangular/linedf and exponentiat!? distributions on the @
transient decays of excess free and localized carriers. To ri=voexp(dE;/kT),

Il. DETAILS OF THE NUMERICAL SOLUTION
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in which S=10"cn? is the capture cross section,is the 22 S e Kt vy R
thermal velocity andv, is the attempt-to-escape frequency 20 - 8 [ N T T I
(10*?s7Y). All other parameters used in the numerical solu- 18 y =°;°'5f’1 {Er0-3 8V 1. ang=10"fom ™

tions are given below. The multiple trapping rate equations L gm™ eV 2,10 em ]
are “1g a10em] |
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2 4 E: l
in which An(t) is the concentration of excess free electrons, -4 - ; -
An;(t) is the concentration of excess electrons trapped in the 6 -
ith level andr, is a time constant for monomolecular recom- 8t -
bination. Because Ed2) includes nonlinear effects due to -10 4 3_‘“ sl i) oy N

trap filling, they are an improvement over the linear system B e R A e e I e e I I e B B
used earlief® 109 8 7 6 5 4 3210 1 2 3

Loglt (s)]
IIl. RESULTS OF THE NUMERICAL SOLUTIONS FIG. 1. Behavior of simulated transients of excess free electrons

[An(t)] for selected values of an initial excess electron concentra-
tion Ang for condition(i) (7,,=0.17). The inset: an enlarged part
Frequently photoconductivity transients exhibit a power-Of the main plot covering the region having the two power-law
law dependencet(*~ ) andt(~*~Y). To determine condi- Ccomponents.
tions under which the Gaussian DOS provides a power law
behavior we employ an approach used for other Because of the log/log plot the power law dependence
distributions'®*? The density of stateg, was varied from would give a slope ofa—1) before the bendknes and
10"*cm2eV ! to 10" cm *eV™* keeping all other param- (—a—1) after the knee. Under complete trap saturation, the
eters of the numerical calculation constant. In addition forsjope is intensity independent before the knee Andgt) is
eachgy, the initial excess electron concentratidm, was  not linear int (curve 1, Fig. 1. As time proceeds, electrons
varied from 162 to 10" cm2 to explore the effect of trap are released from levels; however, their retrapping is not
saturation. Other parameters were=26, To=800K,  uniform. Because deep traps are still saturated, electrons can
T=300K, A=0.025eV, 7,=10%s, E,=0.5eV, be retrapped by shallower levels from which electrons have
E;=0.3eV. For each distribution, comparison of the recom-been thermally released. A&n, is decreased, the slope
bination time 7, with the average trapping timer ,, (curves 3 and 4 on Fig.) tarts to respond tdng changes,
=1/(Sv=_;N;), indicated that the behavior dfn(t) was but a linear behavior occurs only when saturation is removed
governed by three empirically found distinct conditioi3:  completely, i.e., regions before and after the kneé in{t)
T1av=0.17, (i) 7/5,<0.17, (iii) 7,,>0.17,. In general, have different intensity dependencies. Then, the slope is in-
transition from one power law t{* %) to the other dependent of\n, (curves 5-7 on Fig. )L

1. Behavior of An(t)—the effect ofgy.

(tC"*~Y) occurred only for conditiorii) (Fig. 1). As a result To facilitate an interpretation oAn(t) kinetics we ap-
the absence of power-law behavior Am(t) does not pre- plied a time-energy diagram analy<is® to predict power-
clude the Gaussian DOS. law behavior. The main idea of the diagram is to plot an

Condition (i) is satisfied only forgo=10cm 3eV~!,  individual trapping timer ;= 1/w;= 1/(SvN;), an individual
and the behavior oAn(t) is given in Fig. 1. The seven release timer;;=1/r;= 1N, exp(SE; /kT) and the recombina-
curves correspond to various values dfn, (1072 tion time for eachith level in the distribution. Figure 2
—10cm™3). The total electron trap concentration N shows this plot for three values gf. Intersections between
=0.12x 108 cm™ 3, which corresponds to an average trap-the corresponding lines indicate energy associated with
ping time 7 ,,=0.8X 10 ®s. The inset in Fig. 1 illustrates An(t) at some time interval. First, consider the two intersec-
that two distinct power-law regions are observed only fortions between the horizontal recombination time line and the
curves 5—7 when traps are not saturated. However, the maindividual trapping time curve forgo=10®¥cm eV 1.
plot in Fig. 1 showsAn(t) begins to bend at longer times, These correspond to two energi&s, ; andE;,;». The elec-
deviating from the ("%~ 1) power-law. The effect of trap tron release times from these two levels to the conduction
saturation is evident on curves 1-4. When all traps are satdand are shown on Fig. 1 as vertical lines. The region be-
rated (Any>Ny) as for the curve 1, the initial fast exponen- tween these lines displays thiie—1) power-law behavior
tial decay has a time constant of monomolecular recombinacurves 5—7. Thus, for the Gaussian DOS the condition for
tion, 7,. As An, decreases and trap occupation decreaseshis power law region is-;<7,,7;;, which corresponds to
the time constant of the initial exponential decay begins tcsubsequent carrier retrapping in states located between en-
approach the average trapping tifearves 2—4. Eventually, ergy levelsE;; andE;y», i.e., thermalization.
for low trap occupatioricurves 5-7 the time constant does For energies greater théf),,, recombination dominates
not depend om\n, values and is exactly equal tg.,, . over thermal release and retrapping. In this case, there are



PRB 60 BEHAVIOR OF PHOTOCONDUCTIVITY TRANSIENS . .. 10999

4 1 | 1 [l 1 L l,n N T (S)
K 1 10 T 9 .
3 4 trapping times / 3 10 10 v v 1.0 —— 10
2] ———1 O
i 2,/%, L o 104
04 release time / L E
-1 3 \ ./ E
2 4 Z/ / 1
% -i yan / ] S 13
L) N B A s I B
| v | fe-- / at10™ em™ v TE =
61 i [ . ’| 20 -3 f 5
-7 4 \i )'/ / ga’lﬁa om eV L E
-8 \ v e @
1 recombinatior] time 2 014
o] | l | g
10 | f ! g
i | EIIIHI i Eian ! ElnL? =
-11 LI B R L I LA L R AR B B AL R R S B R B
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 PO T 7 T T
10 10% 10° 10"

-3 1
g, (cm'eV’)
FIG. 2. The recombination time, the release time from indi- . . )
vidual traps, the individual trapping time ang, /7;; as a function FIG. 4. The time constant of the transition exponential compo-

of trap energy for selected values . nent as a function of, and 7, .

two subregions:7, <7 ;<7 and 7,<7;<7;, and the Following the initial exponential decay due to trapping
boundary between them is determined by the intersectiofcurves 3-7, a plateau region extends to approximately
between the individual trapping time curve and the release5x10™’s, corresponding to the release tim@bout
time line (Fig. 2). This intersection occurs at ener@,; 2X 10 "s) for the energy leveE;, obtained at the first

with its release time given in Fig. 1. Beyond this tinda)(t)  intersection point. Therefore, nothing happens until electrons
deviates from a{ a—1) power-law behavior. from the shallowest level are released. The release time from

Condition (ii) is satisfied for g, ranging from the peak energy levét, appears somewhere between those
10”*cm eVt to 10%cm 2eVv L. Typical behavior of designated b¥;,; andEi, in Fig. 3. A change in slope of
An(t) in this range is demonstrated in Fig. 3 fay An(t) near thek, vertical line reflects the fact that the den-
=10cm3eV ! with seven curves corresponding to differ- Sity of states increases with energy bel&y and decreases
ent values ofAn, (10?>—10'cm %). Analysis using the above it. Although this region corresponds to thermalization,
time-energy diagram is not straightforward because of comthe behavior differs from the one for condition where the
plex kinetics. Trap saturation affects the initial exponentialslope remains the same below and abBye As the time is

decay the same as conditicin. increased beyonH;, , (Fig. 3 there is a “transition” expo-
nential decay followed by a power-law decay for all tran-
22 el v s sy cowl ool sl vl sl sl v sl ol sl i sients. All seven curves gave the same fit of the exponential
1 m=26, Ty \ 0 K, A=0.025 eV . . . . .
204— — _2 8 u region over five orders of magnitude with a time constant
18 4 A\ [r107 s Bg=05 eV, Fr03ev L +=1.9s. The time constant depends linearlyggnand 7,
164 *\i 9g=10% g e L values(Fig. 4). This graph shows two plots: the first, vs
14 —\;§ — L go for threeg, values andr, =10 8s; and the second, vs
12 7'\"-..\§_____ T L 7. for three 7, values andgo=10*'cm3eV L The two
10 —\\\ —————— T plots indicate that an increase by one order of magnitude in
§ 8- A ] 0o can be compensated by an increase by one order of mag-
€ 6+ \.‘— —————— m— nitude inr, .
2 4 Nm o — It seems possible that the exponential decay is dominated
g, ‘-A“g:“’ 3""’ - by one energy level. To determine this level we use
0210 om =TTy /TiEo’ which is analogous to an expression derived in
2 %10 om Eo Ref. 10 for strong re-trapping. The time of trapping to level
4 4410 em Eo, TIEy is used because it has the maximum density and
67 : ::1 2:3 E will be the dominant trap. With this equation and the param-
B o end int1 \ eters in Fig. 4, it turns out that all three points give the same
DT e e e e M R R B A ith energy level~0.59 e\). Since the energy level that sat-
12-11-10 -9 -8 -7 -GL '5[[(4)1-3 210123 isfies 7, = 7, 7; /7 g, Must be “maximally” filled with elec-
og[t(s

trons most of the time, this value should occur at the mini-

FIG. 3. Behavior of simulated transients of excess free electron§um in the ratior|;/7; vs the energy of the traggindeed,
[An(t)] for selected values of an initial excess electron concentrathe level should be not only effective in trapping but also in
tion Ang for condition (i) (7|,,<0.17). keeping electrons From a plot ofr; / 7;; vs energy(Fig. 2),
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FIG. 5. Behavior of simulated transients of excess free electrons ¢, g Behavior of simulated transients of excess free electrons
[_An(t)] for select_e_d vr?l_l_ues of an initial excess electron concentra[An(t)] for selected values of the offset eneiy for condition(i)
tion An, for condition i) (7,a,>0.17,). (7,a=0.17,). The inset: the total Gaussian distribution used for

the simulation.

this minimum is calculated to occur at 0.59 eV. Therefore, ) o .
the exponential decay is due to thermal release from a Ievel2' Effect of regions of the distribution on power-law behavior
other thang, for condition (ii). For simplicity, we consider the decay for conditidn

Condition (iii) was analyzed forg, ranging from when both power-law components are resolved. For this
10%cm2ev ! to 107”cm 3eVv L Typical behavior of analysis the Gaussian distribution is kept fixed with the peak
An(t) is shown in Fig. 5 forgo=10""cm eV, which  energyE,=0.5eV. The contribution of particular regions of
demonstrates no power lamo linear regiongfor all Ang the Gaussian distribution to either the—1) or (—a—1)
values. Although a single analytical expression could not deregions could be ascertained varying the offset vakie,
scribe the total decay, the region from T0to 10*s corre-  from 0.06 to 0.65 eV while the energy range was held con-
sponding to about 15 orders of magnitudein(t) can be fit  stant(22 levels with an energy step of 0.03 eVhus, an
by a stretched-exponential dec@illiams-Watts function. offset value of 0.06 eV provided an energy range between
Originally, this function was derived for a model involving 0.06 and 0.73 eV for numerical calculation Aih(t). All
recombination on mobile defects.However, it can no numerical solutions were obtained for non-saturatidm
longer be considered diagnostic for this model because Fig. 510" cm 2 andgo=10¥cm 3eV ! with other parameters
demonstrates that trapping at stationary defects with given above The maximum time was limited to 1 s, the
Gaussian DOS under conditidiii) can provide the same release time from 0.73 eV level, which firmly set the upper
function. These three conditions with similar transients carboundary for the level that could be accessed. The transient
also be obtained whegy is constant and, is varied. remained virtually unchanged whdfy was changed from

Finally, for the distribution satisfying conditioti) we  0.06 to 0.3 eV(Fig. 6), indicating these levels remained in-
found thatr| o s5= 7, . Because the importance of this level is visible in the simulated data. This transient consisted of an
now clear criteria(ii) and (iii) can be rewritten in terms of initial fast exponential decay followed by a small plateau
T|0.50 @S T|g50< 7y and 7 g 59> 7,, correspondingly. Apply- region and subsequently by the two power-law decays. For
ing this knowledge to Fig. 2, one see that the point correthese offsets the time constant of the exponential component
sponding to 7/q59 ON the trapping time curve fog, remained the same, indicating that the rate of the initial re-
=10"®cm 3eV ! [condition(i)] is indeed close to the hori- moval of electrons from the conduction band was un-
zontal recombination time line. At this unique condition only changed. An exponential fit of this decay gave a time con-
the intersection point&;,; and E;y » give the region of the ~stant of 7.6<10™'°s and a pre-exponential factor of ‘20
first power-law decay corresponding to thermalization. Fomwhich is identical to the initial excess electron concentration
the curve withgo=10"°cm 2eV ! [condition (ii)] there are  used in the numerical solutions. Furthermore, this time con-
still two intersection pointsE;, 1,Ein2), however, the point stant is very close to the average trapping tifng,,
corresponding tar o 59 ON the trapping time curve is located = 1/(Sv=#N;)] of 8x 10~ 1%s, indicating the fast exponen-
well below the recombination time line, and no power-law intial decay corresponds to initial trapping.
a thermalization region is observed. For the conditfiin The value ofE, affects the total concentration of states
(go=10"cm3eV ) the pointr oz is located well above available for trapping. The inset in Fig. 6 depicts this effect.
the recombination time line, and no power law is observed a&s mentioned above, states from 0.3 to 0.73 @Waded
well. areg are visible in the numerical solution, and the total area
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15 T decay starts to increase, indicating levels of appreciable den-
14 m=26, T=300 K, A=0.025 eV L t d t | d th t . |t
i 10 e Eo05 0V 03 eV - sity are removed to slow down the trapping process.

:2 ] r ® s 5 3 - should be mentioned that levels deeper than 0.73 eV are

11 4 go=10 ~om " V-1, ang=10 " em™ added and shallower levels are removedEass increased
10 = because the numerical calculation always uses 22 energy
9 —

- steps. However, the increase in time constant indicates the

& g ] i added density of the levels deeper than 0.73 eV is too low to

§ g |1 Tom0oK i affect the trapping rate.

o 5-{230% WNL T F WhenE,;=0.55 eV, the plateau extends to the beginning

S 44700k IR\ of the knee position. Subsequent increase in the offset from

g 2 ] 2 gggi i 0.55 to 0.6 eV has two effects: freezing the time constant of
147 1200k RN\ the fast exponential decay and extending the plateau into the
0 4 8 1500 K I L second power-law part idn(t). Fitting this fast decay now
-1 196 v i gives 108s as a time constant which is the same as the
:g 711, 3000 K i recombination time. Since the fast exponential decay always

corresponds to the fastest process, it is understandable that
the time constant will correspond to the trapping rate when
the trap density is high and to the recombination rate at about
E,=0.6 eV when the density is low. Beyond this point, the
time constant is not affected by changes in the total density
FIG. 7. Behavior of simulated transients of excess free electronsf centers. One can see from Fig. 6 that a transition from one
[An(t)] for selected values of the characteristic temperatligd ( power-law decay to the other occurs for an energy level lo-
of the distribution. cated between 0.55 and 0.6 eV, not at the peak enEggy
=0.5eV. This result is consistent with the conclusion made

between these two values determines the trapping time cof? @ Previous section that the knee is located at a time close
stant. This conclusion is apparent because the exponentitf the release time of the most effective trap in the Gaussian
time constant was unchanged when the levels between 0.38CS. i.e., 0.59 eV in this case. In Fig. 6, the total shaded
and 0.3 eV were removed by increasiBgin this range. The area in the d|st_r|but|on indicates the Ieyels effective for the
reason is the much lower the density of these levels in com2umerical solution of the decay. The light gray area affects
parison to those above 0.3 eV. For the same reason, levelde decay before the knee, and the dark gray area affects the
deeper than 0.73 eV do not affect the transient for time bet€gion after the knee.

low 1 s.

BecausedAn(t)/dt=0 in the plateau region, the rate of
release from the traps must be equal the recombination rate
plus the trapping rate. This condition breaks down at a time
corresponding to release from the 0.3 eV level and is ap- Monte Carlo simulatiorfs'’ of time-of-flight photocur-
proximately the point where the first power-law decay startsrents showed that this distribution can produce a transition
BetweenE,=0.3 and 0.5 eV the plateau region increases afrom one power law !~ %) to the other {1~ ¢). Further-
the expense of théw—1) power law region. As one can see more, the two power laws did not give the samealue, and
it affected only the middle part of the kinetics by extendingthe temperature dependence did not always follaw
the plateau region to longer times. However, the time con«T/T,. In this section, the behavior af is explored with
stant of the initial exponential decay was the same, indicateur multiple trapping model, i.e., using recombination rather
ing that the density of the levels removed from the distribu-than diffusion term. Numerical calculations were made for
tion was not high enough to affect the trapping rate. Aboveunsaturated trapsg,=10*¥cm3ev !, 7,=10"8s, An,
E,=E,=0.5eV, the time constant of the fast exponential=10"cm 3, T=300K with other parameters same as

-4 - .
-5 I S M Sy SR S R S N R T
11-10 9 8 7 6 5 4 3 -2 10 1 2 3

Log [t (s)]

3. Effect of the width of the gaussian distribution
on power-law decays
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TABLE I. Values of the first and last levels detectable by ex- the time is 107_ 10_2 s and measurements are done at four
periment at selected temperatures for the distribution discussed igg|ected temperaturés23, 203, 300, 358 K Only the levels

the text. with release times falling within the time range will affect
the kinetics at each temperature. Calculations of the first

LK kT.ev  Eu By Ep 8V  Ep By eV (Eq1), the last E;,) levels detected and the effective width

123 0.0106 0.122 0.244 0.122 probed E;,—E;;) are summarized in a Table I. Increasing

203 0.0175 0.201 0.402 0.201 the temperature enlarges the width and moves the trap levels

300 0.0258 0.297 0.594 0.297 deeper. _ _

358 0.0308 0.354 0.709 0.354 Accordingly, it would seem possible to map out the com-

plete distribution by a series of measurements at various tem-
peratures; however, this approach cannot work because the
above. The curves for varioul, in Fig. 7 demonstrate the range of energy levels that are occupied in the dark at equi-
width of the distribution affects the slopes before and aftedibrium is temperature dependent. The ramifications of this
the knee. Furthermore, the first power law shrink§gsle-  dependence can be seen by analyzing the occupation level of
creases. Values of; (before the kneeand a, (after the any Gaussian DO$g(E)] in the band gagfor example:
knee obtained by fits show that;# a, [Figs. §a) and go=10%cm3eV™!, T,=1700K, E,=0.35eV). At any
8(b)]. While a, shows a linear temperature dependence ovetemperature, only part of this DOS will be available for mul-
the whole range of /Ty, the linear range for, is limited.  tiple trapping processes because some states will be occupied
Compared to the Monte Carlo simulations done in &,  at equilibrium before illumination. The density of the levels
=0.1-0.5 rang® our «; values are somewhat lower for [9oc(E)] occupied at equilibrium is a product of the density
T/Ty=0.5(~0.6 compared t6=0.8 atT/T,=0.5). Our re- Of localized statefg(E)] and the Fermi functiori(E):

sults indicate that values0.6 are difficult to obtain for the

Gaussian DOS. Indeed, dsapproached (or vise versa _ 2

thet' ™ region shrinks and eventually is not obtained. Since Joc(E)=go exp{ —[(E—E)/KT]}H(E) ()]

our calculations were done over a larger dynamic range of _ ) )

An(t), our « values probably are more reliable. Unless aln Which f(E)=11exp(~E+Eg)/kT+1] is the occupation

large range is used, the extraction of the true power-law exProbability. The density of stat¢g,, (E)] available for trap-

ponent can be obscured by the proximity of the knee regionPiNd €lectronsis,

Finally, the time range where power-law decays exist is lim-

ited in Fig. 7. However, this limitation is due to the value of Jav(E)=9(E) —goc(E). (4)

E, chosen; a larger value moves the transient to longer times

without affectinga. For calculations,T=300K andEg,=0.31eV, which was
taken as the equilibrium electron Fermi level position at 300

4. Detecting the Gaussian distribution in experiments K. Comparison of curvepg(E), goc(E), gav(E)] in Fig. 9
indicates that the density of available states involves only a

If measurements are made over a given time range only 8ma| portion of the total DOS. Furthermore it does not have

limited part of the real distribution is probed at a particular gyssian shape, as indicated by the attempted fii,(fE)
temperature. For example, consider an experiment in whicky 53 Gaussian DOS shown in Fig. 9. As expected, the fit

parameters do,=6x10"cm 3eV!, T,=1008K, E,

[ real Gaussian DOS: go=1.018, E(=0.35 &V, Ty=1700 K =0.26eV) are far away from those for the real DOS. The
1x10%® | Epp=0.31 6V, T=300 shape ofy,, (E) suggests that the leftow-energy side con-
\ fitted to Gaussian DOS: g,=6x10" tinues to follow the low-energy side of(E) while the right

real DOS ~.__ E(=0.26 eV, Tp=1008 Kh

(high-energy part is truncated smoothly and distorted from
the Gaussian DOS by occupied states at the spetifiad
E¢,. (Note, that one may observe trapping and thermal re-
lease for levels locatedelowthe Fermi level.

The effect of a decrease in temperature depends on the
direction in which the Fermi level moves. For the same
" states available i Gaussian DOS used at 300 K, the available levels were cal-

i culated at 123 K assuming the electron Fermi level moved
closer to the conduction band to the positiep,=0.21eV.
Since either direction is possible depending on the
material’® this direction was chosen for illustration purposes
only. As might be expected, the plots g{E), g,.(E),
Ja(E) and the fitted curve in Fig. 10 indicate the curve
corresponding to the density of available states narrowed and
moved to lower energies. These results clearly indicate that
transients at a particular temperature can provide evidence

FIG. 9. The real Gaussian DOS, occupied states determined bgnly for aneffectivedensity of states that deviates markedly
the Fermi function, states available and fitted to Gaussian DO$rom the actual DOS. Furthermore, combining DOS obtained
(T=300K). at various temperatures will not completely reproduce the

800x10°S -

600x1018 : occupied states at T and EFn

g (cm3eV-)

400x10%
] fitted to Gaussian DOS

200x10

4

0.1 0.2 0.3 04 0.5 06 0.7 0.8
3E, (eV)



PRB 60 BEHAVIOR OF PHOTOCONDUCTIVITY TRANSIENS . .. 11 003

band gap. Above this temperature, the width of the effective
I DOS will not change much because it corresponds closely to
17 the one for the real DOS. As a result, the negative changes in
a are expected at temperatures whérg, is largest. The
exact temperature range where this occurs will depend on the
temperature dependence of the Fermi level.

For an exponential DOSg is expected to follow the
relation «xT/T, more closely because the shallower
energy levels have the highest densities. As a result,
movement off (E) toward midgap would cause less severe
effects.

real Gaussian DOS: g =1018, E4=0.35 eV, T,=1700 K
0% HE_ 02 eV, T=123 K 2 0 0
Fn="- 1=

fitted to Gaussian DOS: g3=2x10

E,=0.17 eV, T,=582 K
800x10%5

real DOS\

600x10"

g(cm3®evt)

400x10% -

/O}Upied states at T and Eg,

i \7Lstates available
AN

/ o fitted to Gaussian DOS

200x10%5 4

IV. CONCLUSIONS

A Gaussian DOS of subband gap states has been used
to analyzed the transient behavior of excess carriers within
a multiple-trapping model with a recombination term
8E, (ev) rather than a diffusion term. For this DOS, the behavior of

An(t) varies according to three conditions relating

FIG. 10. The real Gaussian DOS, occupied states determined % . : : .
the Fermi function, states available and fitted to Gaussian DO ¥app|ng time of the optimally filed energy level to

- recombination time. It was demonstrated that this DOS

(T=123K). ; - > =
provides the two power-law regions only under very limited
conditions. Under these conditions, the knee between the

actual Gaussian DOS of the semiconductor unless the effetwo power laws occurs at a time corresponding to the
tive distribution is deconvoluted with the Fermi function.  thermal release of electrons from the optimally filled energy

Turning now to the temperature dependencexpsome level for which7;/7,; has a minimum. Levels having ener-
authors observed experimentally thateither decreased or gies lower than this optimum control the power-law decay
remained constant with increasing temperatufer most(if before the knee, and those above are responsible for the
not for all) types of DOS assuming the validity of multiple power-law decay after the knee. The exponents of the two
trapping, this observation contradicted the expected increagwwer laws,a; and a, are related to the width of the distri-
of a with increased temperature according to the relation bution. The maximum value af; cannot exceed 0.6 for the
«T/Ty. Obviously, this relation cannot account for the ob- Gaussian DOS. Finally, we showed that at some conditions
served decrease of with increased temperature. To explain the experimental transients may provide only an effective
this behavior some authdrsuggested a model in which an distribution of localized states which does not coincide with
increase in temperature transforms traps into recombinatiothe real Gaussian DOS present in the sample. The parameters
centers with different capture crosssections for electrons anaf this effective DOS depend on temperature, which controls
holes. the position of the dark Fermi level. The effective DOS is

Our results presented above, provide another explanatiodistorted from the Gaussian form by the Fermi occupation
Because the width of the available or effective DOS in-function. The variation in a width of the effective DOS may
creases with increased temperature, the temperature behaverplain the experimentally observed decrease ptwith in-
of a has the formaoc(T+AT)/(To+AT,) in which ATy is  creased temperature.
associated with the width of the effective DOS. WHER, is
bigger thamAT, « decreases with increasing temperature. As
demonstrated above, the width of the effective DOS is small
at low temperatures and increases at higher temperatures un- This work was supported in part by a grant from the Natu-
til the Fermi level moves down towards the middle of theral Sciences and Engineering Research Council to M.C.
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