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This work examines the influence of limited instrumental bandwidth on the accuracy of recovery of
the density of localized states in semiconductors from transient and modulated photoconductivity
data. Paradoxically, knowledge of thehort-time transient photoresponse can be vital in the
estimation,via a Fourier transform, of the density afeep-lyingstates. We demonstrate that
retention of the natural response of a bandwidth limited system, although subject to distortion at
short times, can lead to much improved accuracy in density of states determination than simple
truncation of the short-time response. It is shown that this improvement arises simply from the
integrating effect of a bandwidth limited system over short time intervals, which makes it possible
to access and exploit information originating at times much shorter than the instrumentation rise
time. These concepts are exemplified using computer simulated transient photoconductivity for
several model systems including one which mimics the expected density of states in amorphous
silicon. © 2000 American Institute of Physid$s0021-897@0)07913-5

I. INTRODUCTION ergyE=kTIn(v/w). Here kis Boltzmann’s constant, is the
_ o temperature, and is the attempt-to-escape frequency.
Transient photoconductivityTPC) and modulated pho- A method of calculatingy(E) from MPC data was de-

toconductivity (MPC) are two closely related techniques vised by Main based on earlier work by Hattcet al® After
which can yield information on the distribution of localized some approximation, the expression

statesg(E) in amorphous semiconductor films? TPC rep-

resents the impulse response of a semiconductor to a short

flash of light, giving a time-dependent photocurre(t), 1 d [enlAGcoq p(w))
while MPC is the spectrum in the frequency domain, of the 9(E)~ vokT ® do [I(w)|
photocurrent respondéw), to sinusoidally modulated opti-

cal excitation. In the context of a multitrapping model, each i . o
contains information on the trapping and release kinetics ofs OPtained, where is the electron thermal velocity; is the
excess charge carriers, in localized gap states, and hence BP Capture Cross sectioajs the electronic chargg is the
the density of state€DOS) function. Additionally, there is a €l€ctron mobility.&'is the applied electric field strength,is
formal mathematical relation between the impulse and frel® conduction cross section, a@tis the amplitude of the
guency responses, provided the trapping system dynami&DtICélI generation at frequenay.

are linear. While this equivalence exists, it is nevertheless the Experimentally, the frequency range available in MPC

case that the transitions characteristic of a given group Olicneasurement using standard lock-in amplifier instrumenta-

states are more clearly distinguished in the frequency domai%On is relatively limited, restricting the observable energy

. . 1 . _
than in the time domain. Thus at any instanttime in the range available. Maiet al:* showed that time sampled tran

. 4 : . sient photoconductivity(t,) m transform numeri-
TPC case, free electrons are interacting simultaneously wnﬁ ent photoco duc Y(.k) ay be ansto ed by_ ume
. R cal Fourier integral to give an approximate numerical result
the whole range of localized states, making it difficult to

. . . | for the f d dent phot . Writ-
discern the influence of any given group of states. In thq n(@) for the frequency dependent photocurréfb). Wri

. : ng the Fourier transform as
MPC casé however, at a given modulatidrequencyw the
amplitude and phase shift(w) of the free electron density

@

and hence the photocurrel{tw), with respect to the excita- 3 _

tion, are dominated by a narrow band of states close to en- (@)= o i(texp —jwt)dt, )
dAuthor to whom corresspondence should be addressed; electronic mail: ) ) ) ) ) )
s.reynolds@tay.ac.uk then a simple numerical approximation is given by
0021-8979/2000/88(1)/278/5/$17.00 278 © 2000 American Institute of Physics
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n butions. Only by extending the analysis to include the short-
In(w)= E Li(tyy)exp —jwtysq) time (t<10 !s), pretrapping photocurrent could the differ-
k=1 ent distributions be properly distinguished.
+i(texp — j ot Aty MPC measurement, on the other hand, does not suffer
from errors caused by missing short-time data. The question
~l(w), (3 thus arises—why should an MPC measurement made with a

where the interval\t,=t,,;—t,. Apart from the necessar- limited bandwidth provide a more accurate set@b) data,

ily discrete nature of this approximation, it is evident that the@/Peit over its restricted range of validity—than the truncated
experimental time interval cannot match that of the trans@nd transformed TPC originating in a measurement made

form definition. Typically, the sample time range coveregWith an equgl or wider bandwidth_? I_n thi_s article, we return
can be from a few nanoseconds to tens of seconds, so that i the question of the effect of limited instrumental band-

principle, a wider energy range may be accessed than is pog/_idth in the TPC experiment, but with a different treatment.
sible with MPC. However, a serious problem can &risith Instead of representing the effect of the finite experimental

the accuracy of the summation in E8) if short-time infor- time window by using a simple truncation of ideal computed
mation is not accessible experimentally. TPC curves, we include the rather different, and perhaps

The shortest accessible time in TPC measurement is geﬁjor_e realistic, effect of a fipite instru'menta.l rise time, and
erally controlled by the combination of sample and preamp®utline ways“of_ compensating for this, which retrieve the
lifier configurations. Usually there will be a related gain- €ff€Ct of the “missing” short-time information.
bandwidth “tradeoff” so that to detect very low amplitude
photocurrent transients, requiring a high s;_/stem gain, ong \\rTHoDS
must accept a longer associated response time. Hence it has
been normal practice to discard information from a time  The investigation required the computation of the
range shorter than the characteristic response time employetideal” TPC, i(t) vst for selectedg(E) distributions, fol-
or even up to ten times this valde. lowed by either truncation or low-pass filtering of the origi-

We note here that the trapping time of free electrons intmal TPC with appropriate time constants, and then calcula-
the ensemble of gap states in many amorphous semiconduiien of the DOSvia Fourier transform of the processed data.
tors, e.g., amorphous silicon, may be as short as'¥€§)  The “reconstituted” DOS so obtained was then compared
much shorter than the typical instrumental response timewith the original.
and hence the initial trapping processes cannot be directly To compute the TPC for a giveg(E), we first represent
accessed by such experiments. the continuous distribution of states with a fine ladder of

In previous work% we have examined the signifi- closely spaced discrete levels, and then solve the resulting
cance of “missing” short time data in the above calculation, system of multitrapping rate equations, for free and trapped
with reference to the accuracy of recovery of the DOS. Eselectron densities, with appropriate initial conditions for the
sentially, we have shown that if the TPC is simply truncated excess electron density. The decay of the excess free electron
losing short time information, this can under certain condi-density An(t) from an initial value of 1&°cm 2 is then
tions, result in severe distortion of the returned DOS over axtracted from the solution set, since it is proportional to the
wide range of energy. Initially, this may seem surprising,photocurrent(t). Efficient numerical solution schemes have
since it might be argued that the short time photocurrenbeen developed and are fully described in earlier
should be influenced mostly by those states which achievpublications:>** The resulting simulated decay begins at
rapid thermal contact with the band, i.e., shallow traps. Howtimes much shorter than the trapping time into the overall
ever, it is clear in the context of the Fourier integral of Eq.ensemble of traps, i.e.<10 12s. To compare the two strat-

(2) above, that if the short-time photocurrent is high, and ifegies, i.e., simple truncation versus bandwidth limitation, the
there is a substantial fall in the current when trapping com-‘exact,” or full, decay was either truncated at a specified
mences, then the contribution to the integral from the shorttime t;, or a numerical single pole low pass filter algorithm
time component can be significant, even for low value®of was applied, to replicate the bandwidth limited system re-
which correspond to deep states in the DOS. Oftféisave  sponse with characteristic time constantt;. Finally the

also pointed out the vital importance of knowledge of theprocessed decays were subject to discrete Fourier integration
short-time current, to the validity of other DOS computationstarting ineach casdrom an initial timet;, andg(E) was
schemes. calculated using Eq.l).

In practice, the experimentally available time window To illustrate clearly the operation of the proposed
would not normally allow this crucially important short time method we chose several representative model densities of
data to be accessed. To study the consequences of this, in states:
earlier work! we showed that it is possible to generate sub-  Flat:
stantially the same long-time TPC decay using several dif- T S S P 1.
ferent DOS distributions, for example: exponential, Gauss- 9(E)=0o=10"" cm eV »o=10"" enP’s ™,
ian, and flat, by an appropriate choice of parameters. Exponential:

An_alysis of these decays using only th_e posttrapping current, 9(E)=goexp(—E/Eg); go=10%" cm 3eV L
which was close to a power-law form in all cases, results as
expected in three almost indistinguishable exponential distri- Ey=0.14 eV; vo=10% cm®s 1;
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FIG. 1. Simulated decay of excess electron densityt) for the exponen-

tial and flat trap distributions. Parameters chosen to result in very similar . N .
power-law slopes in the posttrapping sections. Small differences in thé:IG' 2. Computed transient photocurrent for the flat distribution, showing

e . ! 4 1 10
short-time trapping regions contain information that distinguishes the twdn® effe(;ts of bandwidth limitation with system time constants'4010*°,
distributions. and 10 s. Integration and overshoot effects are evident. Arrows indicate

the time 10'°s from which the Fourier integrations started.

Amorphous silicort? o .
approach the true curve until, in this case, a time of around

9(E)=goexp(—E/Eg) +9gq4/sechi(E—Eq)/E,], 10r; has elapsed. Such behavior is also often seen in the
experiment, where the practice normally would be to use

go=4x10" cm3ev 'l g4=10Y cm3ev 1 : _ _
only the longer time datafor which the overshoot error is

Ey=0.03 eV; E4=0.6 eV; E;=0.06 eV; small, or to try to remeasure with a shorter response time, at
_10°8 ¢! the expense of reduced sensitivity.
vo= S In Fig. 3, we show the DOS computed from the full TPC

The flat and exponential distributions are the same aand bandwidth-limited data derived from the two responses
used by Grabtchalet al!! and have parameters chosen toof Fig. 1, using a response time of 1¥s, i.e., about 100
give closely similar trapping times and posttrapping decaytimes longer than the respective trapping times. Arrows on
slopes. The simplified model DOS for amorphous siliconFig. 2 indicate the start point of the numerical Fourier inte-
was reported by Maiet al,'® and contains a defect “bump” gration, for the flat DOS TPC. The lower arrow indicates the
centered at a depth of 0.60 eV. It is well known that the TPQpoint on the exact TPC curve, used to start the “truncated”
in a-Si:H exhibits a steep fall at about 10s related to case integration, while the upper arrow indicates the integra-
trapping into the deep defects. In this case, we wish to extion start point on the dashed curve which represents the
amine the consequences of missing the pre-“deep-trappingbandwidth-limited situation. A similar procedure was carried
part of the TPC prior to 10’ s rather than the initial pretrap- out for the exponential DOS. It is quite clear thatncation
ping portion prior to 10'%s. of the full TPC results in loss of the short time information,
resulting in computed distributions which are substantially
Il RESULTS AND DISCUSSION exponential in form for both cases, and which are in error

over the whole relevant energy range. Even for the case
A. Exponential and flat distributions

In Fig. 1 we show the simulated TPC in the form of the

excess electron decay, on log—log axes for the exponential 1022 " 1 M
and flat distributions. It is evident, as we have arranged, that ~ g | EXpOReNtial rruncated |
the decays are very similar over the time window employed. > 10 -f.T-“--‘ .............

The posttrapping sections have nearly identical power-law o0 10% - full Ipf

slopes. The trapping features are also similar, with appar- g 10

ently only minor _d|ffe_rences in the trapplng regions of _the_ (\D/ 107 far m
traces. The trapping times for the exponential and flat distri- o Y ]
butions are X 10 3 and 2<10 ?s, respectively. Never- a 10 7}";"

theless, it is these small differences at short times, which 10" L w

contain the information on the distinguishing features of the 0.0 0.1

two different distributions. Ec -E (eV)

Figure 2 demonstrates, for the flat distribution, the ef-
fects of bandwidth limitation on the form of the transient
decay, using time constants of 10 1%, 10 %% and 10°s. FIG. 3. Density of states computed from full TPC and truncated and
For times< = . the transient is effectivelv beinmteqrated  Pandwidth-limited TPC data of Fig. Data truncationat 10 s results in
I y gteg erroneous exponential DO8andwidth limitation (Ipf)with response time

by the re_sponding system, and a noticeable “overshoot” aISQO‘ms results in more accurate DOS for both exponential and flat distribu-
appears in the response, so that the observed decay does fi@its. The dashed lines represent thiginal DOS at shallow energies.
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E.-E(eV) time (s)
FIG. 4. Density of states computed from flat DOS TPC data of Fig. 2.FIG. 5. Computed full TPC and bandwidth-limited TR the form of
Range of truncation and response tim&: 10 ''s, (b) 10" °s, and(c) electron density decayn(t)] for modela-Si:H DOS. Characteristic system

10"%s. Truncated datdead to completely erroneous exponential distribu- times 10°°~10"%s. Note deep trapping at 16-10"°s. Also visible is
tions. Bandwidth-limited (Ipf)data lead to distributions which match the ©vershoot feature associated with limited bandwidth.
DOS obtained from the full TP@). Also included: original DOSe).

bandwidth-limited response is a good approximation to this
d“missing” integral. Consequently the transform accuracy
‘may be improved by including this response, as shown for-
mally by the two equations. Thus, starting the numerical

where the starting distribution is exponential, the returne
DOS has a significantly different characteristic slope. How
ever, using the apparently distortbadndwidth-limiteddata ) X ] , o

g PP Y Fourier integral ,(w) at time 7; with the bandwidth-limited

results in returned distributions which agree well with the , X . o ,
ace, will automatically include theystem-originatednte-

actual DOS in the energy range defined by the time responsté ) , e
of the system. gral, thereby improving accuracy. Unfortunately, in this case,

We show in Fig. 4 the DOS returned from the TPC any overshoot present will also be included in the integral,
computed for the flat distribution, for truncation and re- Producing some error, which is evident in the “turn-down”
sponse times of 10", 1071% and 10°s, as illustrated in of the computed DOS at shallow energies in Figs. 3, 4,

Fig. 2. The truncated data give rise to completely erroneoug'nd 7.

exponential distributions over the entire energy range em- N S

ployed, while the bandwidth-limited data give distributions B- Model amorphous silicon distribution

that match the original at SUCCQSSiVG'y deeper energies. Figure 5 shows the full TPC Computed for the model
From the foregoing, it is evident that the bandwidth- 5-Sj:H DOS given in Sec. II, and also the bandwidth-limited

limited traces carry information on events which occurred atesponse calculated for characteristic system times of
much shorter times than the bandwidth seems to allow, in10-°-10"%s in decade steps. The steep fall between’10

formation which is essential to the reconstruction of theand 10°s is caused by deep trapping into the defect
DOS. This fortuitous result relies on the integrating function“phump” placed at 0.60 eV depth. Associated with this fall is
of the instrumentation at short times. Splitting the Fourierthe “overshoot” distortion feature described above, which is
transform of the TPC, Eq2), into short and long time por-  evident for system response times longer that0™®s, and
tions, we have which is also often observed in experimental TPC measure-
i, o ments ona-Si:H and related materials. It is also clear that
|(w):J i(t)exq—jwt)dt+f i(t)exp(—jwt)dt. (4  following such an overshoot, the trace does not approach the
0 =7 exact TPC until around ten times the response time. Nor-
For w>1/7;, the expfjwt) factor within the integrand of
the first term in Eq(4) has a very small imaginary part and

is close to unity, and so can be removed from within the 10%' W modelaSiH
integral giving approximately - 10%°t ’~,.f‘u|| computed DOS

: i = . < 10"°F - (truncated TPC) -
I(w)~exq—1wri)j |(t)dt+J' i(t)exp —jwt)dt. (5 f=

0 t>7; 8 1018 »

Thus if we take the numerical Fourier integral i¢f) data N 10"F
which are accurate at timg, and start the integration from A 10"}
time 7; using the second term of the right hand side of Eq. s . \ .
(5), then this represents the truncated case described above. 10 0.0 0.2 0.4 0.6 0.8
Although the data may be accurate over the range of the E -E(eV
integration, nevertheless the information from shorter times, c (eVv)

contained in the first term, is lost. However, the first mtegraIFIG 6. Density of states for modekSi:H computed from full TPC, and

Of' Eq- (5) is an operation that is performed reality OVEl  TPC truncated at times 18- 102 s. Truncation times of I s and longer
this time range by the low-pass system characteristic. Thiead to successively greater error in returned DOS.
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10%' ; — this is done, the results are almost identical to those of Fig. 7.
P 20| model a-Si:H 1 Thus the question raised in Sec. | is answered—the two tech-
s 10 computed DOS niques of MPC and TPC are indeed formally equivalient
o> {0 full -, (bandwidth-limited TPC) - practice—leaving any advantage of one over the other to the
g 1018 | - i properties of the instrumentation employed.
B 10" o0 IV. CONCLUSIONS
0 10} R We have examined the effects of bandwidth limitation
1015 — 119s | on the accuracy of procedures used to determine the density

00 02 04 06 0.8 of states from TPC and MPC data. We have highlighted the
E -E(eV importance of missing short-time information in the TPC

c” (eV) Fourier transform procedure, and have shown that informa-

FIG. 7. Density of states for modalSi:H computed from full TPC, and t!on o_ngm_atmg_ at times much ShorFer than.the mStrumenta-
from apparently distorted bandwidth-limited TPC. Over the energy range folon 'f'se time is nevertheless ma.n'feSt.ed n eXpe”menta_”y
which the method is valid, the shape of the deep state DOS, is recoveredicquired photocurrent decay, via inclusion of the system in-
accurately. tegration of the short-time data. Using this information ap-
propriately allows a substantial improvement in the reliabil-

mally, only experimental data after such distortion had be-Ity and accuracy of the determination of the DOS from TPC.
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