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The possible effects of experimental bandwidth limitation on the accuracy of the energy distribution
of the density of localized statd®0S) calculated from transient photoconductivity data by the
Fourier transform method is examined. An argument concerning the size of missing contributions to
the numerical Fourier integrals is developed. It is shown that the degree of distortion is not
necessarily large even for relatively small experimental bandwidths. The density of states calculated
from transient photodecay measurements in amorphous arsenic triselenide is validated by
comparing with modulated photocurrent data. It is pointed out that DOS distributions calculated
from transient photoconductivity data at a high photoexcitation density are valid under certain
conditions. This argument is used to probe the conduction band tail in undefeti to energies
shallower than 0.1 eV below the mobility edge. It is concluded that there is a deviation in the DOS
from exponential at about 0.15 eV below the mobility edge. 1898 American Institute of Physics.
[S0021-897€98)03409-4

I. INTRODUCTION MPC has the disadvantages of being limited in the
. . . modulation frequency range that can be covered, and also
Transient photoconductive techniques have long been aRaving an intrinsic steady componefuptical bias in the
attractive prospect as a probe of the localized density ophotogeneration rate variation with time. Both these factors
states distributioiDOS) in amorphous photoconducting ma- |imit the energy range in the DOS which can be covered. The
terials. The shape of the time resolved transient photocurremty vier transform of transient photocurredETTPO
(TPC) decay is evidently controlled by trapping and releasemethod allows use of the frequency domain DOS calcula-
from localized states, and therefore much effort has gone intﬂon methods with time domain TPC data by the use of a
attempts to extract information on the DOS from the dafa. Fourier transform. The effective frequency range of the hy-

This has proved difficult, because the state of the transiergrid is very wide and obtical bi 1 be eliminated. TPC i
carrier distribution at any moment depends on the history o s Ve y ca Qp caibias can be € ated. . S
also experimentally simpler to setup than MPC, for which

the decay. Thus the transient photocurréhft) at timet ) ] A
cannot in a generally true way be related to the density of€at attention must be_ paid to ellmlr?atmg phase error.
localized stateg(E)dE at energyE in the mobility gap. The use of a Fourier transform introduces other prob-
The problem of relating current to the DOS is far more€ms, chief among which is that the calculated transform is
tractable in the frequency domain. In the modulated photo®nly an approximation to the true frequency response, be-
current(MPC) experiment, photocarriers are generated by gause the whole of the time domain transient response is not
light source the intensity of which is sinusoidally modulated.sampled. In practice “the whole” would mean sampling at
The resulting photocurrent has a sinusoidal alternating contimes short enough to see the pretrapping transient photocur-
ponent(ad which in general is phase shifted with respect torent, i.e., the photocurrent when all of the transient carrier
the light source modulation. Bggemannet al® devised a packet still occupies extended states. Trapping occurs at
method of calculating(E,,), at a unique energlg,, for each  around 102 s ina-Si:H, but the shortest time resolvable by
modulation angular frequenay, from the ac magnitude and digital sampling electronics is about 19s. The resultant

: 6 1 . . .
phase. Hattoret al.” further refined the method. degree of error in the calculated DOS is not necessarily se-
rious, but does depend on the shape of the transient photo-
dElectronic mail: eeycchan@cityu.edu.hk decay, weakening the generality of applicability of the
0021-8979/98/83(9)/4782/6/$15.00 4782 © 1998 American Institute of Physics
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FTTPC method. Another limitation is the requirement for all. THEORY
small, and hence more difficult to measure TPC signal mag- A slightly | q ) f the FTTPC calculati
nitude, so that the TPC response is linear and the Fourier slightly improved version of the calculation

transform is valid. Standard fast Fourier transfdifffrT) al- method in Ref. 7 is b.rlefly rQV|ewed here. The transient pho-
. . _ tocurrent decayl (t) is considered to be the response to an
gorithms cannot be used for the Fourier transform, since th

A ﬁnpulse photogeneration producing a densig electron-
signal to be operated upon can extend over more than teg,o pairs. The response to unit impulse is thu&)

orders of magnitude in current and time. However, it tus_ s (1)/5G for small enoughsG. The Fourier transform of
out that the calculation procedure required is straightforwardp t) is the complex transfer functioli(w). Experimental

This work is a discussion of the limits imposed by the TPC data consists of a set d¥l current-time values
problems outlined above, and other considerations, on thgi(t,),t,. An approximation toH(w) is calculated as the
use of the FTTPC method to obtain a localized density olexactFourier transform of a linear spline interpolated func-
states distribution, with particular referenceatsi:H. tion defined by thedl (t,),ty, i.e.,

Sk
o [cog wpty) —cof wpty—1)]

+ [l (t)sinwpt) = 61 (te—1)SiN(wnty—1)]

M
ZAH(wp)}~a(w,)= (aewn)*lgz , (1)

Sk . .
w—n [Slr(wntk) _Sm(wntkfl)]

2 | —[81(ty)cog waty) — 81 (t— 1) O wnti—1)]

Mz

T{H(wy)}~b(w) =(5Gwn)’1k : 2

where s, =[ 81 (t,) — 8l (tx—1) 1/ (tx—tk=1), and thew, are  with a 2kT spread. A conduction band tail of exponential
arbitrarily selected. Oscillation im and b at smallw, is  slopekT.<kT is reproduced as having a slope of arolTd
avoided by premultiplying thél (t,) by a windowing func- The Hattoriet al® MPC DOS calculation method may
tion that causes the values to tend smoothly to zero at longlso be used withd (w) as follows:
time.

Values of the DOS functiogy(E,,) may then be com-

puted as follows: ) eueA d : cod ) ] -
2epeA [sin d(wy) 9E= T KT dlin(w)] | TH(wn]”
Ec—En=kT In(v/w,), (4)  The energy scale is still given by E@}). The above equation

_ has the advantage of having a sharper associated sensitivity
whereH=|H|e™'?, e is the electronic chargey is the free  function, with tails of slop&kT/2, thereby reducing the blur-
electron mobility,e is the electric fieldA is the conduction ring of features in the DOS. The disadvantage is that a nu-
path cross sectionC, is the capture coefficienty is the  merical differential must be calculated, which emphasizes
attempt to escape frequency for localized stakkeis, Boltz-  experimental noise. In this work E¢B) is used to calculate
mann’s constanil is the temperaturds; is the energy of the the DOS unless otherwise noted.
conduction band mobility edge, and the majority carrier is
taken to be electrons. A similar expression may be devised
for hole transport. In practice the, term in the curly brack-
ets in Eq.(3) may usually be ignored. The DOS is calculated

for values of w, in the range 1} ,<wy<lhmin and lll. EXPERIMENTAL METHODS
o(E,),E, values affected by the windowing function re-
ferred to above are removed. TPC experiments were performed oruin-thick films

Equation(3) is based upon an approximation in the MPC of undoped amorphous silicon produced by plasma-enhanced
analysis for a sensitivity function relating the ac occupationchemical-vapor depositioPECVD) at the Universities of
of extended states to the density of localized states over &tuttgart, Germany, and Shantou, China. The PECVD
range in energy. The function is peaked at the endtgy method used at the University of Shantou is described in Ref.
defined by Eq(4), and Eq.(3) is obtained by approximating 8. Coplanar aluminium electrodes of gap 0.5 mm were de-
this sensitivity function by a delta function of the same aregposited on the surface of the samples. The TPC measure-
situated atE,,. The effect of the approximation is to blur ments were made using a field voltage of 300 V. A nitrogen
features in the reproduced DOS, for example a narrow bandumped dye laser was used to produce photogeneration
of localized states is reproduced at the correct energy buygulses of width 3 ns, at wavelengths of 640 nm for the Stut-
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FIG. 1. Transient photocurrent decays measured in the StuligeiH at ¢\ 3. Density of states distributions calculated from subsets of the 233 K
three different temperatures. The curves for 233 and 353 K have beefyi, set. In each subset data points for times shorter than that indicated have
shifted by a decade downwards and upwards, respectively, for clarity.  paan removed.

tgart material, and 595 nm for the Shantou material. Special;iy, of the Hattoriet al. equation, Eq(5), produces a better
purpose wideband current mode operational amplifier Ciry 1o petween tail slopes, but the noise enhancement due to
cuits were used to sampl# (t), the decay curves presented yittarentiation is also evident.

here being multichannel averaged composites of the response 4 scaling parameters used aee=10 cn?(Vs) "L, »

at several bandwidths. Time was allowed for relaxation be— ;2 sL, andC,=10"% cm*s L. From detailed balance
tween each laser firing. For more details of the experimentaJ/:CnNc’ where the effective density of states at the band

setup see Ref. 9. edgeN, is kT times the actual densit$.. This explicit
temperature dependenceNy, however, is balanced by the
IV. DEEP STATES IN a-SI:H unknown temperature dependencewofWe find that a rea-

. . sonable match between the DOS distributions for data mea-
¢ tlrz]lguretl showi TPC :cneasure: Itn the Sttf:tgart ;agple sured at differing temperatures is obtained using the tem-
a gee _Smp‘?ra ures, lor-a pnotogeneration p perature independent values quoted abdvExperimental
=10 cm~2 which is in the linear response regime. The support for the value of is given below
shape of the _decays is_ typical 1_‘0r such r_neasu_remenf[s in The reproduced shape of the deep energy bump can be
a-Si:H. There is a short time, relatively nondl_sperswe region,., \in to be dependent on the relationship between the mag-
gollowe%?y ta S“?t?p fga)llt;nd tr:ﬁn a Iodng t'm? power Iawg;cudes of the contribution to the Fourier integral from the
ecay. The transition between the NONCISPErsIve Tegion ang, .,y me nondispersive region and the long time power law
the st_eep fall moves to p.rogresswely _Ionger times with de.'decay in the data sets of Fig. 1. In Fig. 3 DOS distributions
creasing .tempgraturelwhlle the magnitude of the current "Ralculated from subsets of the 233 K data set are shown. For
the _r|1_ﬁnd|spe|rt5|vef regl?n (:'ecrea;sterf. ETTPC method usi each subset all data points for times shorter than a chosen
E (3)e rzlelj)f ?h apg ca 'gnt N eh ) :."3 20A lIJDS(')nSinmit are removed. It can be seen that the shape of the deep
9. (< tf'm ¢ 0 te above data ?rT St .(l)W” ('jn '%‘ ' energy distribution is not affected until the whole of the short
Eonstljsl;ng of a ts eedp (;)pronetnolzs aIV gnla a deep er&erg%{me nondispersive region is removed, i.e., all data points for
road bump centered at about B.55 €V belows mappe t<5us. Two general conclusions concerning the Fourier
out. Note that the DOS distribution calculated for the 353 Ktransform method for calculating the DOS may be drawn
data using the. Biggemanret al. equation, Eq(3), pro_duces from this behavior. First, even with a limited experimental
a shallower tail slope than for the 233 K data. This 'Sareswbandwidth the method can still produce the correct DOS
of thekT blurring effect alluded to above. The greater SeIeC'Second, given that transient photocurrent decays are of
monotonically decreasing character, the question of whether
the bandwidth limitation distorts the calculated DOS be-

1020

N, T 233K comes the question of whether there is a significantly large
S 1019 —— 353K Eq.(3) missing contribution to the Fourier transform due to there
& D\ being a very much higher current at times shorter than the
" 1018} \ 353K Eq.(5) . . .
= experimental time window.
; 1017 These points may be elucidated by consideration of the
@) transient photocharge, i.e., the cumulative integral of the
A 1016} transient photocurrent, see Fig. 4. The integral of the 296 K

1015 ——. ) data exhibits an initial rise, a plateau after about @s5 and
02 04 06 08 1.0 a final rise beginning at about 50 ms. This structure reflects

E -E (eV) the dominance of the contribution to the integral from the

nondispersive short time current in the TPC decay. Although
FIG. 2. Density of states distribution calculated from data in Fig. 2. The 353the short time region in the TPC decay en_ds at about 100 ns,
K distribution has been calculated using both E@$.and (5). the value of the cumulative integral remains at the value of
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FIG. 4. Photochargeeumulative integralplot of the 296 K decay of Fig. 1. |G, 5. Density of states distribution in a sample afAs,Se; calculated
The timetg is the emission time from deep states. from transient photocurrent and modulated photocurrent experiments.

the integral of the short time region until the final rise at SOsampIing of the frequency domain response by modulated

ms. The nondispersive short time region in the TPC deca}éhotocurrent measurements. The match between the DOS

similarly dominates the Fourier integrals. C . .
. . istributions calculated from the two experiments on a single
Physically, the shape of the transient photocharge plosij

: I sample, shown in Fig. 5, demonstrates that there is no miss-
reflects the deep trapping and release of ch&igée initial ing contribution and the DOS is indeed a featureless expo-

gi?aentc E;rr?i?aeopn;csk(ta? g:e l::;pi;;azftzgg ::Zggzgr;\r’:’;?eﬁgzstgnQentlal. Note that the TPC data covers a wider range of en-

. ) . . e¥gy than the MPC data, so that validating the FTTPC DOS
the shallow energy conduction band tail localized state dlsby comparing with MPC is a useful exercise
tribution. At about 100 ns the majority of carriers become '
trapped in deep states, so that they no longer contribute to

conduction and so the transient photocharge plot plateauél. SHALLOW TAIL STATES IN a-SI:H
out. Only when the deeply trapped electrons are released at 1,5 janeral form of the localized state distribution in

about 50 ms do they contribute to conduction again. Thef:ig. 2 is as expected fa-Si:H. The conduction band tail is
final rise in the transient photocharge plot therefore reflecg

. . ; enerally taken to be at least approximately exponential.
the release time from deep traps. The variation of this relea y PP y exp

i i t ¢ b qi Arrheni I his functional form is often found to be analytically conve-
imeé wilh temperature may be used in an Arrnenius p Otnient but is supported by experimental evidence rather than
[In(t) vs 1/T] to obtain values for the attempt to escape fre-

b Il ted i del for the effect of
guency v and the energy depth of the deep traps. For th y any generaly accepier precise modet for the etfect o

Stuttgart material the values obtained in this way were 1 isorder on the crystalline band edge.
. ' We apply here the FTTPC method to investigate the
X102 st and 0.63 eV belovE,, respectively. ind g

functional form of the conduction band tail state distribution
in a-Si:H, particularly at energies shallower than about 0.15
eV below E;. This region has not been well investigated
Amorphous arsenic triselenida; As,Se;, is an interest- because techniques which respond to conduction band ex-
ing material for which to assess the accuracy of a DOS caltended states, for example inverse electron photoemission
culated by FTTPC. The model used to explain the steadgpectroscopy> cannot follow the DOS far into the mobility
state photocurrent dependence on photogeneration rate TRfap, while techniques responsive to gap states cannot follow
in a-As,Se>'* places recombination centers at 0.66 eVthe DOS all the way to the mobility edge. The DOS is found
above the valence band mobility edge. However, TPC deto have an approximately linear energy dependence in the
cays in the material are accurate power laws over many oregion of the mobility edge, so a changeover in the DOS
ders of time, which in the past has been interpreted as coenergy dependence from exponential to linear should be ob-
responding to a broad exponential band tail with no featureservable if shallow enough energies can be probed.
where the recombination centers should be. The majority.ongeaud and VanderhagH@mbserved indications of such
carrier is holes, so that the valence band tail is probed.  a changeover from low temperature time-of-flight measure-
As we have seen with amorphous silicon, such powements.
law decays do not necessarily correspond to a featureless Figure 87 shows the low temperature TPC decays mea-
band tail. The bandwidth of TPC measurementsiofs,Se;  sured on the samples deposited at the University of Shantou,
is generally much smaller than f@-Si:H measurements, to probe the shallow energy DOS. Reducing the temperature
because the magnitude of the signal is much smaller. We findllows shallower energies to be probed because the multiple
that the current fot<1 us cannot be sampled. If there is a trapping transport process is slowed, but for a fixed pulse
missing large contribution to the Fourier integrals from thegeneration densitgG there is a corollary effect of reducing
unsampled region of the signal then the exponential DO$he transient current magnitude. This occurs because the in-
calculated from such data would be incorrect. One way testantaneous distribution function for transient carriers moves
assess whether there is such a missing contribution is tim favor of the trapping states, analogously to the behavior of
compare the DOS calculated by FTTPC, and from directhe Fermi distribution function. In order to boost the signal to

V. AMORPHOUS ARSENIC TRISELENIDE
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FIG. 6. Transient photocurrent measured in Shaat@i:H: 6G forthe 200  FIG. 8. Density of states distributions calculated from simulated transient

K and 155 K measurements was estimated ax 53° cm™3, for the 102 K photocurrent data. The data sets have been truncated at 5 ns to reproduce the
measurement as 5210 cm™3, The trend of the long time current in the effects of the experimental bandwidth limitation.

102 K decay is marked by a line.

marked in Fig. 6. Such a feature should exist in the 155 K

a resolvable level we have increased the pulse generatigtecay, but occurring at a time too short to be detected.
densities for the data of Fig. 6. Although these values®f The high current feature is caused by a deviation in the
are in the nonlinear response regime for room temperaturééend of the DOS from purely exponential. This may be dem-
measurements, the observed response is linear over at leaststrated by the results of the simulation shown in Fig. 8.
the shorter time portion of the experimental time window atThe simulator uses a finite difference numerical technique to
these low temperatures. We argue that even if the responsalculate the transient response for a given model BOS.
does become nonlinear at longer time, the DOS calculated@he input DOS consists of a linear portion extending from
from the linear response portion of the data set is correcthe band edge to a depth of 0.154 eV, followed by an expo-
The power law decreasing nature of the decays means thaential portion of characteristic enerdyl, 0.018 eV. De-
the calculated Fourier transform is not distorted by loss ofcays for temperatures 100 and 150 K were simulated, then all
long time data. In other words the contribution to the Fourierdata points fot<<5 ns were removed. Finally, DOS distribu-
integrals for frequencyo,,, from &1(t) with 1t<w,, may tions were recalculated using FTTPC from the truncated data
be ignored. Thus, even weRG to be reduced to a level at sets. It can be seen in Fig. 8 that the 150 K recalculated DOS
which the whole signal varied linearly withG, the Fourier is almost featureless, while the 100 K curve shows pro-
integrals at frequencw, would take the same values as at nounced structure.
the higher pulse generation density. We may therefore conclude that there is a changeover in

The DOS distributions calculated from the data of Fig. 6the functional form of the conduction band tail from expo-
are plotted in Fig. 7. The 155 and 200 K distributions matchnential to something else at about 0.15 eV belew. Al-
well, consistent with the tail slope characteristic enekdy  though 0.15 eV belovEE, is within the energy range of the
of about 0.022 eV being greater th&d at both tempera- 155 K data set, the changeover is not detected. The 102 K
tures. The 102 K distribution, however, exhibits a clear de-data allows us to detect the changeover, but not the precise
viation in shape. The discrepancy can be attributedsmall ~ functional form of the tail between 0.15 eV beld#; and
missing contribution to the Fourier integrals for the 155 KE.. This should not be seen as a failure of the FTTPC
data set, which contribution is partially present for the 102 Kmethod, since the very shallow region of the DOS being
set. This contribution arises from a higher current for investigated is at the very limit of experimental accessibility.
<100 ns in the 102 K decay, than the extrapolation to shorRather, an awareness of the sources of distortion in the FT-
times of the trend fot>100 ns. The trend for>100ns is TPC calculation has allowed us to draw a conclusion from

what at first sight is contradictory data.

1022 VII. CONCLUSIONS
T‘E 1021+ The effects of bandwidth limitations on the accuracy of
o the distribution of the density of localized stat&0S) with
> 1020 energy calculated from transient photoconductivity data by
C“;) 1019} the Fourier transform method have been examined. Distor-
tions can arise because of missing contributions to the nu-
A 1018F meric Fourier integrals from the portion of the transient de-
1017 L . L cay at times too short to be sampled. It has been shown that
0.05 0.10 0.15 020 025 0.30 the degree of distortion is not necessarily large even for rela-

E -E (eV) tively small experimental bandwidths. The size of the miss-

¢ ing contribution to the Fourier integrals has been shown to

FIG. 7. Density of states distributions calculated from the data of Fig. 6.0€ small for the density of states calculated from transient
Note the deviation in the shape of the 102 K curve. photodecay measurements in amorphous arsenic triselenide,
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