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Behavior of photoconductivity transients due to multiple trapping by a Gaussian distribution
of localized states

Serge Grabtchak* and Michael Cocivera
Guelph-Waterloo Centre for Graduate Work in Chemistry, University of Guelph, Guelph, Ontario N1G 2W1, Canada

~Received 19 April 1999!

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 exponential terma1 that is
sometimes observed experimentally.@S0163-1829~99!11039-7#
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I. INTRODUCTION

Polycrystalline-thin film and amorphous semiconduct
have applications in a variety of devices such as arrays
light sensors, thin-film transistors, photovoltaic cells, fl
panel displays, etc. Understanding the fundamental pro
ties of these materials is important for any applications. D
to complicated trapping/retrapping dynamics, localized s
distributions often present in semiconductor materials m
affect these properties. Fourier2 and Laplace3 transforma-
tions of transient photoconductivity and transient photoc
rent kinetics1–3 have shown that very structured distributio
can result from this analysis. Such distributions may inclu
any combination of some elementary density of sta
~DOS!, i.e., exponential, rectangular, linear, and peak
Gaussian. Another method, photoinduced midgap absorp
~PA!,4–6 uses a pump beam to produce excess carriers
populate localized states in a band gap. Densities of th
localized carriers are inferred by absorption of a subsequ
probe beam. A relatively new method,~advanced method o
transient microwave photoconductivity! simultaneously pro-
vides data corresponding to both of these methods by m
suring the effect of free and localized carriers on the ima
nary and real parts of the complex dielectric constant.7 It
should be pointed out that the excess carriers measure
these techniques are ultimately removed by recombinat
As a result the phenomenon differs from time of flight
which excess carriers are removed by transit from one c
tact to the other.

Because the density of states~DOS! distribution is the
link between the multiple trapping model and the experim
tal data, it is important to understand how the type of dis
bution affects the decay kinetics so that the type of distri
tion may be inferred less ambiguously from kinetic da
Simulated transients based on certain DOS distributions h
been compared under limited conditions.8,9 More recently,
we have used numerical solution of rate equations involv
multiple trapping to establish the characteristic effects
rectangular/linear10 and exponential11,12 distributions on the
transient decays of excess free and localized carriers.
PRB 600163-1829/99/60~15!/10997~8!/$15.00
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round out these studies, the present paper reports the ch
teristics of the peaked Gaussian distribution, which f
quently is found in disordered systems.13,14 In contrast to
exponential, rectangular and linear DOS, this distribution
a region where the density of states increases with increa
energy. As a result, this DOS can cause more complex de
kinetics, and this paper highlights the more important fe
tures for photocurrent and photoconductivity. Manifestatio
of the Gaussian DOS in photoabsorption and photodielec
effect measurements are currently under study.

Knowledge of the behavior of the Gaussian distribution
essential to compare the effects of various distributions
non-equilibrium charge carrier dynamics. However, the
may be cases in which experimentally observed depende
will deviate from those expected for the classical Gauss
distribution. The extent of this deviation will depend on th
position of the Fermi level relative to the distribution. In th
situation, the distribution is distorted from a Gaussian for
The present paper considers the effects of the pure Gaus
distribution first. Then, the more complicated situation
volving the position of the Fermi level is considered to illu
trate that it provides a possible explanation to the unus
temperature dependence of the power-law decays reporte
number of papers.

II. DETAILS OF THE NUMERICAL SOLUTION

The continuous Gaussian DOS function was replaced b
set of m discrete levels separated by spacingD so that the
energy ofi th level isdEi52El2D i , whereEl is a variable
offset energy. The concentration of corresponding traps
Ni5giD, wheregi5g0 exp$2@(dEi2E0)/kT0#

2% and E0 cor-
responds to a peak energy position,T0 is a characteristic
temperature describing the width of the distribution. The
lease probabilityr i and the capture probabilityv i(t) includ-
ing a provision for trap saturation are

v i~ t !5@Ni2Dni~ t !#Sv
~1!

r i5v0 exp~dEi /kT!,
10 997 ©1999 The American Physical Society
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10 998 PRB 60SERGE GRABTCHAK AND MICHAEL COCIVERA
in which S510215cm2 is the capture cross section,v is the
thermal velocity andv0 is the attempt-to-escape frequen
(1012s21). All other parameters used in the numerical so
tions are given below. The multiple trapping rate equatio
are

dDn~ t !

dt
5(

i 51

m

r iDni~ t !2Dn~ t !(
i 51

m

v i~ t !2Dn~ t !/t r

~2!
dDni~ t !

dt
5Dn~ t !v~ t ! i2Dni~ t !r i

in which Dn(t) is the concentration of excess free electro
Dni(t) is the concentration of excess electrons trapped in
i th level andt r is a time constant for monomolecular recom
bination. Because Eq.~2! includes nonlinear effects due t
trap filling, they are an improvement over the linear syst
used earlier.10

III. RESULTS OF THE NUMERICAL SOLUTIONS

1. Behavior of Dn„t…—the effect of g0 .

Frequently photoconductivity transients exhibit a pow
law dependence (t (a21) and t (2a21)). To determine condi-
tions under which the Gaussian DOS provides a power
behavior we employ an approach used for oth
distributions.10,12 The density of statesg0 was varied from
1014cm23 eV21 to 1021cm23 eV21 keeping all other param
eters of the numerical calculation constant. In addition
eachg0 , the initial excess electron concentrationDn0 was
varied from 1022 to 1011cm23 to explore the effect of trap
saturation. Other parameters were:m526, T05800 K,
T5300 K, D50.025 eV, t r51028 s, E050.5 eV,
E150.3 eV. For each distribution, comparison of the reco
bination time t r with the average trapping time,t↓av
51/(Sv( i 51

n Ni), indicated that the behavior ofDn(t) was
governed by three empirically found distinct conditions:~i!
t↓av>0.1t r , ~ii ! t↓av,0.1t r , ~iii ! t↓av.0.1t r . In general,
transition from one power law (t (a21)) to the other
(t (2a21)) occurred only for condition~i! ~Fig. 1!. As a result
the absence of power-law behavior inDn(t) does not pre-
clude the Gaussian DOS.

Condition ~i! is satisfied only forg051018cm23 eV21,
and the behavior ofDn(t) is given in Fig. 1. The seven
curves correspond to various values ofDn0 (1022

21011cm23). The total electron trap concentration isNS

50.1231018cm23, which corresponds to an average tra
ping time t↓av50.831029 s. The inset in Fig. 1 illustrate
that two distinct power-law regions are observed only
curves 5–7 when traps are not saturated. However, the m
plot in Fig. 1 showsDn(t) begins to bend at longer times
deviating from the (t (2a21)) power-law. The effect of trap
saturation is evident on curves 1–4. When all traps are s
rated (Dn0@NS) as for the curve 1, the initial fast expone
tial decay has a time constant of monomolecular recomb
tion, t r . As Dn0 decreases and trap occupation decrea
the time constant of the initial exponential decay begins
approach the average trapping time~curves 2–4!. Eventually,
for low trap occupation~curves 5–7! the time constant doe
not depend onDn0 values and is exactly equal tot↓av .
-
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Because of the log/log plot the power law dependen
would give a slope of~a21! before the bend~knee! and
(2a21) after the knee. Under complete trap saturation,
slope is intensity independent before the knee andDn(t) is
not linear int ~curve 1, Fig. 1!. As time proceeds, electron
are released from levels; however, their retrapping is
uniform. Because deep traps are still saturated, electrons
be retrapped by shallower levels from which electrons h
been thermally released. AsDn0 is decreased, the slop
~curves 3 and 4 on Fig. 1! starts to respond toDn0 changes,
but a linear behavior occurs only when saturation is remo
completely, i.e., regions before and after the knee inDn(t)
have different intensity dependencies. Then, the slope is
dependent ofDn0 ~curves 5–7 on Fig. 1!.

To facilitate an interpretation ofDn(t) kinetics we ap-
plied a time-energy diagram analysis12,15 to predict power-
law behavior. The main idea of the diagram is to plot
individual trapping timet↓ i[1/v i51/(SvNi), an individual
release timet↑ i[1/r i51/v0 exp(dEi /kT) and the recombina-
tion time for eachi th level in the distribution. Figure 2
shows this plot for three values ofg0 . Intersections between
the corresponding lines indicate energy associated w
Dn(t) at some time interval. First, consider the two interse
tions between the horizontal recombination time line and
individual trapping time curve forg051018cm23 eV21.
These correspond to two energies,Eint 1 andEint 2 . The elec-
tron release times from these two levels to the conduc
band are shown on Fig. 1 as vertical lines. The region
tween these lines displays the~a21! power-law behavior
~curves 5–7!. Thus, for the Gaussian DOS the condition f
this power law region ist↓ i,t r ,t↑ i , which corresponds to
subsequent carrier retrapping in states located between
ergy levelsEint 1 andEint 2 , i.e., thermalization.

For energies greater thanEint 2 , recombination dominates
over thermal release and retrapping. In this case, there

FIG. 1. Behavior of simulated transients of excess free electr
@Dn(t)# for selected values of an initial excess electron concen
tion Dn0 for condition~i! (t↓av>0.1t r). The inset: an enlarged par
of the main plot covering the region having the two power-la
components.
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PRB 60 10 999BEHAVIOR OF PHOTOCONDUCTIVITY TRANSIENTS . . .
two subregions:t r,t↓ i,t↑ i and t r,t↑ i,t↓ i , and the
boundary between them is determined by the intersec
between the individual trapping time curve and the relea
time line ~Fig. 2!. This intersection occurs at energyEint 3
with its release time given in Fig. 1. Beyond this time,Dn(t)
deviates from a (2a21) power-law behavior.

Condition ~ii ! is satisfied for g0 ranging from
1021cm23 eV21 to 1019cm23 eV21. Typical behavior of
Dn(t) in this range is demonstrated in Fig. 3 forg0
51020cm23 eV21 with seven curves corresponding to diffe
ent values ofDn0 (102221011cm23). Analysis using the
time-energy diagram is not straightforward because of co
plex kinetics. Trap saturation affects the initial exponen
decay the same as condition~i!.

FIG. 2. The recombination time, the release time from in
vidual traps, the individual trapping time andt↓ i /t↑ i as a function
of trap energy for selected values ofg0 .

FIG. 3. Behavior of simulated transients of excess free electr
@Dn(t)# for selected values of an initial excess electron concen
tion Dn0 for condition ~ii ! (t↓av,0.1t r).
n
e-

-
l

Following the initial exponential decay due to trappin
~curves 3–7!, a plateau region extends to approximate
531027 s, corresponding to the release time~about
231027 s) for the energy levelEint 1 obtained at the first
intersection point. Therefore, nothing happens until electr
from the shallowest level are released. The release time f
the peak energy levelE0 appears somewhere between tho
designated byEint 1 andEint 2 in Fig. 3. A change in slope o
Dn(t) near theE0 vertical line reflects the fact that the den
sity of states increases with energy belowE0 and decreases
above it. Although this region corresponds to thermalizati
the behavior differs from the one for condition~i! where the
slope remains the same below and aboveE0 . As the time is
increased beyondEint 2 ~Fig. 3! there is a ‘‘transition’’ expo-
nential decay followed by a power-law decay for all tra
sients. All seven curves gave the same fit of the exponen
region over five orders of magnitude with a time consta
t tr51.9 s. The time constant depends linearly ong0 andt r
values~Fig. 4!. This graph shows two plots: the first,t tr vs
g0 for threeg0 values andt r51028 s; and the second,t tr vs
t r for three t r values andg051021cm23 eV21. The two
plots indicate that an increase by one order of magnitud
g0 can be compensated by an increase by one order of m
nitude int r .

It seems possible that the exponential decay is domina
by one energy level. To determine this level we uset tr
5t rt↑ i /t↓E0

, which is analogous to an expression derived
Ref. 10 for strong re-trapping. The time of trapping to lev
E0 , t↓E0

, is used because it has the maximum density a
will be the dominant trap. With this equation and the para
eters in Fig. 4, it turns out that all three points give the sa
i th energy level~;0.59 eV!. Since the energy level that sa
isfiest tr5t rt↑ i /t↓E0

must be ‘‘maximally’’ filled with elec-
trons most of the time, this value should occur at the mi
mum in the ratiot↓ i /t↑ i vs the energy of the trap.~Indeed,
the level should be not only effective in trapping but also
keeping electrons!. From a plot oft↓ i /t↑ i vs energy~Fig. 2!,

-

s
-

FIG. 4. The time constant of the transition exponential com
nent as a function ofg0 andt r .
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11 000 PRB 60SERGE GRABTCHAK AND MICHAEL COCIVERA
this minimum is calculated to occur at 0.59 eV. Therefo
the exponential decay is due to thermal release from a l
other thanE0 for condition ~ii !.

Condition ~iii ! was analyzed forg0 ranging from
1014cm23 eV21 to 1017cm23 eV21. Typical behavior of
Dn(t) is shown in Fig. 5 forg051017cm23 eV21, which
demonstrates no power law~no linear regions! for all Dn0
values. Although a single analytical expression could not
scribe the total decay, the region from 1024 to 102 s corre-
sponding to about 15 orders of magnitude inDn(t) can be fit
by a stretched-exponential decay~Williams-Watts function!.
Originally, this function was derived for a model involvin
recombination on mobile defects.16 However, it can no
longer be considered diagnostic for this model because F
demonstrates that trapping at stationary defects with
Gaussian DOS under condition~iii ! can provide the same
function. These three conditions with similar transients c
also be obtained wheng0 is constant andt r is varied.

Finally, for the distribution satisfying condition~i! we
found thatt↓0.59>t r . Because the importance of this level
now clear criteria~ii ! and ~iii ! can be rewritten in terms o
t↓0.59 as t↓0.59,t r and t↓0.59.t r , correspondingly. Apply-
ing this knowledge to Fig. 2, one see that the point cor
sponding to t↓0.59 on the trapping time curve forg0
51018cm23 eV21 @condition ~i!# is indeed close to the hori
zontal recombination time line. At this unique condition on
the intersection pointsEint 1 andEint 2 give the region of the
first power-law decay corresponding to thermalization. F
the curve withg051020cm23 eV21 @condition ~ii !# there are
still two intersection points (Eint 1 ,Eint 2), however, the point
corresponding tot↓0.59 on the trapping time curve is locate
well below the recombination time line, and no power-law
a thermalization region is observed. For the condition~iii !
(g051017cm23 eV21! the pointt↓0.59 is located well above
the recombination time line, and no power law is observed
well.

FIG. 5. Behavior of simulated transients of excess free electr
@Dn(t)# for selected values of an initial excess electron concen
tion Dn0 for condition ~iii ! (t↓av.0.1t r).
,
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2. Effect of regions of the distribution on power-law behavior

For simplicity, we consider the decay for condition~i!
when both power-law components are resolved. For
analysis the Gaussian distribution is kept fixed with the pe
energyE050.5 eV. The contribution of particular regions o
the Gaussian distribution to either the~a21! or ~2a21!
regions could be ascertained varying the offset value,El
from 0.06 to 0.65 eV while the energy range was held c
stant ~22 levels with an energy step of 0.03 eV!. Thus, an
offset value of 0.06 eV provided an energy range betwe
0.06 and 0.73 eV for numerical calculation ofDn(t). All
numerical solutions were obtained for non-saturation (Dn0
51015cm23 andg051018cm23 eV21 with other parameters
given above!. The maximum time was limited to 1 s, th
release time from 0.73 eV level, which firmly set the upp
boundary for the level that could be accessed. The trans
remained virtually unchanged whenEl was changed from
0.06 to 0.3 eV~Fig. 6!, indicating these levels remained in
visible in the simulated data. This transient consisted of
initial fast exponential decay followed by a small plate
region and subsequently by the two power-law decays.
these offsets the time constant of the exponential compo
remained the same, indicating that the rate of the initial
moval of electrons from the conduction band was u
changed. An exponential fit of this decay gave a time c
stant of 7.6310210s and a pre-exponential factor of 1015,
which is identical to the initial excess electron concentrat
used in the numerical solutions. Furthermore, this time c
stant is very close to the average trapping time@t↓av
51/(Sv( i 51

22 Ni)# of 8310210s, indicating the fast exponen
tial decay corresponds to initial trapping.

The value ofEl affects the total concentration of state
available for trapping. The inset in Fig. 6 depicts this effe
As mentioned above, states from 0.3 to 0.73 eV~shaded
area! are visible in the numerical solution, and the total ar

s
-

FIG. 6. Behavior of simulated transients of excess free electr
@Dn(t)# for selected values of the offset energyE1 for condition~i!
(t↓av>0.1t r). The inset: the total Gaussian distribution used
the simulation.
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PRB 60 11 001BEHAVIOR OF PHOTOCONDUCTIVITY TRANSIENTS . . .
between these two values determines the trapping time
stant. This conclusion is apparent because the expone
time constant was unchanged when the levels between
and 0.3 eV were removed by increasingEl in this range. The
reason is the much lower the density of these levels in c
parison to those above 0.3 eV. For the same reason, le
deeper than 0.73 eV do not affect the transient for time
low 1 s.

BecausedDn(t)/dt50 in the plateau region, the rate o
release from the traps must be equal the recombination
plus the trapping rate. This condition breaks down at a ti
corresponding to release from the 0.3 eV level and is
proximately the point where the first power-law decay sta
BetweenEl50.3 and 0.5 eV the plateau region increases
the expense of the~a21! power law region. As one can se
it affected only the middle part of the kinetics by extendi
the plateau region to longer times. However, the time c
stant of the initial exponential decay was the same, indic
ing that the density of the levels removed from the distrib
tion was not high enough to affect the trapping rate. Abo
El5E050.5 eV, the time constant of the fast exponent

FIG. 7. Behavior of simulated transients of excess free electr
@Dn(t)# for selected values of the characteristic temperature (T0)
of the distribution.
n-
tial
06

-
els
-

te
e
-
.
t

-
t-
-
e
l

decay starts to increase, indicating levels of appreciable d
sity are removed to slow down the trapping process.
should be mentioned that levels deeper than 0.73 eV
added and shallower levels are removed asEl is increased
because the numerical calculation always uses 22 en
steps. However, the increase in time constant indicates
added density of the levels deeper than 0.73 eV is too low
affect the trapping rate.

When El50.55 eV, the plateau extends to the beginni
of the knee position. Subsequent increase in the offset f
0.55 to 0.6 eV has two effects: freezing the time constan
the fast exponential decay and extending the plateau into
second power-law part inDn(t). Fitting this fast decay now
gives 1028 s as a time constant which is the same as
recombination time. Since the fast exponential decay alw
corresponds to the fastest process, it is understandable
the time constant will correspond to the trapping rate wh
the trap density is high and to the recombination rate at ab
El50.6 eV when the density is low. Beyond this point, th
time constant is not affected by changes in the total den
of centers. One can see from Fig. 6 that a transition from
power-law decay to the other occurs for an energy level
cated between 0.55 and 0.6 eV, not at the peak energyE0
50.5 eV. This result is consistent with the conclusion ma
in a previous section that the knee is located at a time c
to the release time of the most effective trap in the Gauss
DOS, i.e., 0.59 eV in this case. In Fig. 6, the total shad
area in the distribution indicates the levels effective for t
numerical solution of the decay. The light gray area affe
the decay before the knee, and the dark gray area affect
region after the knee.

3. Effect of the width of the gaussian distribution
on power-law decays

Monte Carlo simulations8,17 of time-of-flight photocur-
rents showed that this distribution can produce a transi
from one power law (t12a) to the other (t212a). Further-
more, the two power laws did not give the samea value, and
the temperature dependence did not always followa
}T/T0 . In this section, the behavior ofa is explored with
our multiple trapping model, i.e., using recombination rath
than diffusion term. Numerical calculations were made
unsaturated traps:g051018cm23 eV21, t r51028 s, Dn0
51015cm23, T5300 K with other parameters same

s

FIG. 8. Exponents of the
power-law decay extracted from
the region before the knee,a1 ~a!
and after the knee,a2 ~b! as func-
tions of T/T0 for condition ~i!
(t↓av>0.1t r).
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11 002 PRB 60SERGE GRABTCHAK AND MICHAEL COCIVERA
above. The curves for variousT0 in Fig. 7 demonstrate the
width of the distribution affects the slopes before and a
the knee. Furthermore, the first power law shrinks asT0 de-
creases. Values ofa1 ~before the knee! and a2 ~after the
knee! obtained by fits show thata1Þa2 @Figs. 8~a! and
8~b!#. While a2 shows a linear temperature dependence o
the whole range ofT/T0 , the linear range fora1 is limited.
Compared to the Monte Carlo simulations done in theT/T0
50.120.5 range,8 our a1 values are somewhat lower fo
T/T0>0.5 ~'0.6 compared to'0.8 atT/T050.5). Our re-
sults indicate that values.0.6 are difficult to obtain for the
Gaussian DOS. Indeed, asT approachesT0 ~or vise versa!
the t12a region shrinks and eventually is not obtained. Sin
our calculations were done over a larger dynamic range
Dn(t), our a values probably are more reliable. Unless
large range is used, the extraction of the true power-law
ponent can be obscured by the proximity of the knee reg
Finally, the time range where power-law decays exist is li
ited in Fig. 7. However, this limitation is due to the value
E0 chosen; a larger value moves the transient to longer ti
without affectinga.

4. Detecting the Gaussian distribution in experiments

If measurements are made over a given time range on
limited part of the real distribution is probed at a particu
temperature. For example, consider an experiment in wh

FIG. 9. The real Gaussian DOS, occupied states determine
the Fermi function, states available and fitted to Gaussian D
(T5300 K).

TABLE I. Values of the first and last levels detectable by e
periment at selected temperatures for the distribution discusse
the text.

T, K kT, eV Et1 , EV Et2 , eV Et22Et1 , eV

123 0.0106 0.122 0.244 0.122
203 0.0175 0.201 0.402 0.201
300 0.0258 0.297 0.594 0.297
358 0.0308 0.354 0.709 0.354
r

r

e
of

x-
n.
-

es

a
r
h

the time is 102721022 s and measurements are done at fo
selected temperatures~123, 203, 300, 358 K!. Only the levels
with release times falling within the time range will affe
the kinetics at each temperature. Calculations of the fi
(Et1), the last (Et2) levels detected and the effective wid
probed (Et22Et1) are summarized in a Table I. Increasin
the temperature enlarges the width and moves the trap le
deeper.

Accordingly, it would seem possible to map out the co
plete distribution by a series of measurements at various t
peratures; however, this approach cannot work because
range of energy levels that are occupied in the dark at e
librium is temperature dependent. The ramifications of t
dependence can be seen by analyzing the occupation lev
any Gaussian DOS@g(E)# in the band gap~for example:
g051018cm23 eV21, T051700 K, E050.35 eV). At any
temperature, only part of this DOS will be available for mu
tiple trapping processes because some states will be occu
at equilibrium before illumination. The density of the leve
@goc(E)# occupied at equilibrium is a product of the dens
of localized states@g(E)# and the Fermi functionf (E):

goc~E!5g0 exp$2@~E2E0!/kT#2% f ~E! ~3!

in which f (E)51/@exp(2E1EFn)/kT11# is the occupation
probability. The density of states@gav(E)# available for trap-
ping electrons is,

gav~E!5g~E!2goc~E!. ~4!

For calculations,T5300 K and EFn50.31 eV, which was
taken as the equilibrium electron Fermi level position at 3
K. Comparison of curves@g(E), goc(E), gav(E)# in Fig. 9
indicates that the density of available states involves onl
small portion of the total DOS. Furthermore it does not ha
Gaussian shape, as indicated by the attempted fit ofgav(E)
to a Gaussian DOS shown in Fig. 9. As expected, the
parameters (g05631017cm23 eV21, T051008 K, E0
50.26 eV) are far away from those for the real DOS. T
shape ofgav(E) suggests that the left~low-energy! side con-
tinues to follow the low-energy side ofg(E) while the right
~high-energy! part is truncated smoothly and distorted fro
the Gaussian DOS by occupied states at the specificT and
Ef n . ~Note, that one may observe trapping and thermal
lease for levels locatedbelow the Fermi level!.

The effect of a decrease in temperature depends on
direction in which the Fermi level moves. For the sam
Gaussian DOS used at 300 K, the available levels were
culated at 123 K assuming the electron Fermi level mov
closer to the conduction band to the positionEFn50.21 eV.
Since either direction is possible depending on
material,18 this direction was chosen for illustration purpos
only. As might be expected, the plots ofg(E), goc(E),
gav(E) and the fitted curve in Fig. 10 indicate the curv
corresponding to the density of available states narrowed
moved to lower energies. These results clearly indicate
transients at a particular temperature can provide evide
only for aneffectivedensity of states that deviates marked
from the actual DOS. Furthermore, combining DOS obtain
at various temperatures will not completely reproduce
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actual Gaussian DOS of the semiconductor unless the ef
tive distribution is deconvoluted with the Fermi function.

Turning now to the temperature dependence ofa, some
authors observed experimentally thata either decreased o
remained constant with increasing temperature.1 For most~if
not for all! types of DOS assuming the validity of multipl
trapping, this observation contradicted the expected incre
of a with increased temperature according to the relationa
}T/T0 . Obviously, this relation cannot account for the o
served decrease ofa with increased temperature. To expla
this behavior some authors1 suggested a model in which a
increase in temperature transforms traps into recombina
centers with different capture crosssections for electrons
holes.

Our results presented above, provide another explana
Because the width of the available or effective DOS
creases with increased temperature, the temperature beh
of a has the forma}(T1DT)/(T01DT0) in which DT0 is
associated with the width of the effective DOS. WhenDT0 is
bigger thanDT, a decreases with increasing temperature.
demonstrated above, the width of the effective DOS is sm
at low temperatures and increases at higher temperature
til the Fermi level moves down towards the middle of th

FIG. 10. The real Gaussian DOS, occupied states determine
the Fermi function, states available and fitted to Gaussian D
(T5123 K).
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band gap. Above this temperature, the width of the effect
DOS will not change much because it corresponds closel
the one for the real DOS. As a result, the negative change
a are expected at temperatures whereDT0 is largest. The
exact temperature range where this occurs will depend on
temperature dependence of the Fermi level.

For an exponential DOS,a is expected to follow the
relation a}T/T0 more closely because the shallow
energy levels have the highest densities. As a res
movement off (E) toward midgap would cause less seve
effects.

IV. CONCLUSIONS

A Gaussian DOS of subband gap states has been
to analyzed the transient behavior of excess carriers wi
a multiple-trapping model with a recombination ter
rather than a diffusion term. For this DOS, the behavior
Dn(t) varies according to three conditions relatin
trapping time of the optimally filled energy level t
recombination time. It was demonstrated that this DO
provides the two power-law regions only under very limit
conditions. Under these conditions, the knee between
two power laws occurs at a time corresponding to
thermal release of electrons from the optimally filled ener
level for whicht↓ i /t↑ i has a minimum. Levels having ene
gies lower than this optimum control the power-law dec
before the knee, and those above are responsible for
power-law decay after the knee. The exponents of the
power laws,a1 anda2 are related to the width of the distri
bution. The maximum value ofa1 cannot exceed 0.6 for the
Gaussian DOS. Finally, we showed that at some conditi
the experimental transients may provide only an effect
distribution of localized states which does not coincide w
the real Gaussian DOS present in the sample. The param
of this effective DOS depend on temperature, which contr
the position of the dark Fermi level. The effective DOS
distorted from the Gaussian form by the Fermi occupat
function. The variation in a width of the effective DOS ma
explain the experimentally observed decrease ofa1 with in-
creased temperature.
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