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Mechanism of carrier photogeneration in amorphous selenium: Fast transient photoconductivity
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Studies of fast transient photoconductivity in amorphous selenium reveal two distinct transport mechanisms.
The first is a short-lived one due to carrier dynamics at extended band states and possibly states near the band
edges where the carriers tunnel progressively into lower states. The second is a long-lived one due to phonon
assisted multiple trapping at band tails. We find the quantum efficiency in this prototypic low-mobility system
independent of temperature and electric field up to the maximum applied fielst 85v/cm, inconsistent
with previous models of carrier photogeneration such as the Onsager geminate recombination model. In order
to reconcile the controversial issue of the carrier photogeneration mechanism in this material, we examine in
detail the processes underlying various transient photoconductivity measurements. Our analysis shows that in
time-of-flight and xerographic-discharge measurements the external field may modify the extent of carrier
recombination and thereby determines the carrier supply yield, whereas measurements utilizing the microstrip-
line Auston switch configuration are better suited for investigating the intrinsic properties of the quantum
efficiency.

I. INTRODUCTION cannot be attributed to interactions between excitajiorse
fast transient photoconductivity results suggest that at the

In the last decade, considerable effort has been devoted &arliest time scale accessili0 p9, the dynamics of carri-
unraveling the three generic aspects of transient photocorers at extended band states underlie the prompt photoconduc-
ductivity in the class of low-mobility materials: carrier pho- tion mechanism ira-Se.
togeneration, carrier mobility, and carrier recombination. Similar behavior of the quantum efficiency has been ob-
Short laser pulses, matched microstripline configurationsserved in anthracerfea system also interpreted in terms of
(MSS), and fast electronic signal detection systems havéhe Onsager modéfr.® Moreover, Warta and Kat have
opened the subnanosecond to picosecond time domaidemonstrated in recent years that the mobility in various mo-
thereby facilitated the advances in this fiéfd. lecular crystalge.g., naphthaleneapproaches high values at

It has been widely assumed that in low-mobility materialslow temperaturegup to 400 crVs). Indeed, these authors
(e.g., amorphous semiconductors, molecular crystals, andave concluded that the carrier transport in these molecular
conducting polymensthere is high probability that the gemi- crystals can be understood in terms of a standard band-model
nate electron-hole pair will remain boukah exciton during  description.
the entire thermalization process. Therefore, models of car- In this paper we focus mainly on the carrier generation
rier photogeneration for this class of matetiaf (e.g., the mechanism ina-Se. Using the MSS measuring technique
Onsager modgt® have generally emphasized the importancewith a small sample lengttmicrostrip gap size of gm) has
of the Coulomb interaction between the bound geminatdacilitated fast transient photoconductivity at high external
electron-hole paitexciton), and the role of external field and fields (up to 5<10° V/cm) at moderate bias voltages. These
phonons in the dissociation process of this pair into “free” measurements at such high fields provide a crucial test of the
mobile carriers. These models have assumed that the carrigpplicability of the Onsager carrier generation model, which
generation is a secondary process resulting from exciton digpredicts a crossover from a quantum efficiency independent
sociation, and the quantum efficiency was predicted to deef external field below 1DV/cm to one dependent on the
pend strongly on temperature, photon energy, and externdield above 16 V/icm.*!? The present measurements con-
field. 412 ducted with higher temporal resolution also enable us to re-

However, transient photoconductivity measurements ofolve the initial decay rate of the transient photocurrent, and
amorphous seleniurta-Sg in the subnanosecond time re- to conduct these measurements at very low density of exci-
gion reveal that different phenomena underlie the carrietation.
generation in this system. The experimental facts of particu- Our finding that the quantum efficiency aSe is inde-
lar importance are the followindi) the fast transient photo- pendent of temperature and bias field appears inconsistent
current is independent of temperatuf® | (ii) the fast tran- with the interpretation of time-of-fligh{ TOF) and xero-
sient photocurrent is linearly proportional to the externalgraphic discharg€XD) experiments that had established the
field (E); and(iii) The fast transient photocurrent is linearly Onsager geminate recombination mottéf? In an attempt to
proportional to the light intensityl §. unravel the reasons for the different photoconductive re-

(i) and (ii) imply that the quantum efficiency of carrier sponses manifested by these measuring techniques we con-
generation,n, is independent off and E. (iii) implies that ducted a comparative study of the photocurrent response in
the carrier generation is independent of the level of excitathe MSS and the TOF experiments using identical samples
tion (i.e., carriers are generated by a first order process thdbbtained from the Xerox CorporationThis is particularly
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important since all previous studies of the temperature deefficiency) according to these models greatly depends on
pendence of the quantum efficiency have utilized the TORemperature and external field.
techniquet'?We will demonstrate that in the TOF measure-  The dissociation process of the geminate carriers was ini-
ments, in which the sample is illuminated through a semi+ially described within the framework of the Poole-Frenkel
transparent metallic electrode, the prompt photoconductandieory® but later, after a few modifications, the Onsager
response is greatly influenced by a built-in potential barriersolution was adopted.
at the semiconductor-metal interface. In fact all the hall- Based on Boltzmann statistics, the probability of an elec-
marks of such a potential are revealed experimentaly., tron surmounting a barrie€, (at zero applied fieldis pro-
photocurrent response at zero bias field, superlinear depepertional to exp(Ey/kgT), where kg is the Boltzmann
dence of the photocurrent on bias voltage, thermally acticonstant. The Poole-Frenk&t® potential,U = — e?/4meeqr
vated photocurrent, efc. —eEr (wheree is the electron charge, ard is the permit-
Moreover, analysis of this comparative study reveals theivity of the photoconductoris reduced by the external field
role of an external field in the various measuring methods. IE by the amountAE, and the probability of dissociation of
indicates that in the TOF and XD measurements, the externalhe bound electron-hole pair is therefore proportional to
field, in addition to increasing the drift velocity, effectively exp[—(Ey,—AE)/kgT]. The maximum of the reduction oc-
separates the positive and negative photocarriers in the aburs at a spatial separatiolR where the potential
sorption region and thereby determines the extent of carridd = — e?/4mreeyr —eEr is maximum. FrondU/dr =0 it fol-
recombination(i.e., the carrier supply yiejdrather than the lows that
intrinsic quantum efficiencydefined by the number of car-
riers produced by an absorbed photon prior to recombination R=(e?/4meeE)Y?
or trapping. The above comparative study also accounts for . . L
the experimental observation of a monotonic increase in ca@nd the total reduction of the potential Rt is given by
rier supply yield with an increased external field in TOF andAE.,: €ER= 'B.E ' whe_re .'8:(.e3/477660).' Thus, the prob-
XD measurements at the entire field regime, including the2Pility Of carrier dissociation is proportional to
low-field regime for which it could not be accounted for
theoretically by the Onsager modéf?>We also find the
photocurrent response dependent on photon energy, which

determines the optical absorption depth and thereby the ex- Tabak and Wartéf modified this simple model by includ-

o . : Jng a “nonphotoconductive” recombination channel of de-
tent of recombination quenching. In particular, our presen

TOF experiments verify that at low photon energy, where the2Y: P&finingre=1/(vPy), andr, as the lifetimes for escape
and recombination, respectively, the resulting steady-state

absorption depth is large, no significant recombination . .
X : : te equatiordN,/dt=1,—N,/7.—N// 7., wherel ,, is the
guenching can be achieved, and as observed in the MS P ph 0T P& P ,

) 4 ) . S photon flux,N, is the density of excited electron-hole pairs,
g(;rglzlguratlon the carrier supply yield becomes field mdepenTrﬂ is the rate of decay of excitation through geminate re-

In Sec. Il we briefly outline the previous models of carrier g:omblnatlon, and  is the rate at which the pairs dissociate

generation employed for the class of low mobility materials.Into free carriers, suggests that the quantum efficiency is pro-

. - ~ 1

In Sec. Il we describe the MSS and TOF experimental techgort_lona_l t077= (Ny/ 7e)/lpn=(1+7¢/ 7;) %, where the escape
. ; ! lifetime is

niques, and in Sec. IV we present our experimental observa-

tions. Section V discusses the implications of the experimen- _ -1 Y

tal data on the mechanisms of carrier generation, carrier Te=v e (Eo~ BET)/KeT], 2

recombination, and carrier mobility ia-Se, and the various and v is the attempt-to-escape frequen@y’

processes underlying the photoconductive response in the while the above model could predict the strong depen-
MSS, TOF, and XD experiments. Section VI presents a sumdence of the quantum efficiency dhandE observed in the
mary of our main findings and concluding remarks. TOF and XD measurements it could not account for the de-
pendence of the activation energy on photon en&dyin
order to remedy that Knights and Datisntroduced some
modifications based on the thermalization of hot carriers: a
EFFICIENCY FOR THE CLASS OF LOW-MOBILITY thermalization distance, between the photoexcited electron
MATERIALS with excess energy okw—Eg and its hole partner that is
The salient assumption underlying previous models oftitained at the end of thermalization after the electron lost an

quantum efficiency for the class of low-mobility materials €xcess kinetic energy dfw —E,—E. (whereE, is the band-
has been that the geminate carriers remain bound during tH2pP energy ands; the Coulomb energy of the geminate
entire thermalization process. Consequently, according t8ain. Assuming a diffusive carrier motiofwith a diffusion
these models, at moderate temperatures and external field@nstanD), and energy-loss rate reaching a maximum value
the typical spatial separation,, attained between these car- €duals the phonon frequenay, times phonon energg,,,
riers at the end of thermalization is smaller than the spatiain® attempt-to-escape frequencyas taken as the reciprocal
dimension of the confining potential barrier (due to the Of the time taken for the carrier to separate a distance equal
mutual Coulomb interaction and external fiel@ihus, a car- 10 the Coulomb capture radiug (wherer ¢ is defined as the
rier needs to surmount this barrier in order to dissociate fron$eparation at which the Coulomb energy equaigT,'**

its geminate partner and delocalize. The probability of gemi- 4 , 5 5

nate carrier's dissociatiofwhich determines the quantum v =rc/D=e"/(4meep)“4(kgT)D.

Py~exf — (Eg— BE*?)/kgT]. @

II. OUTLINE OF PREVIOUS MODELS OF QUANTUM
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Based on these assumptions the derived quantum efficienegspect to the electric field direction will escape geminate

is given by recombination; this solution is given Hy2>141518
n=(1+{e"[47,(4meer)?4(kgT)*D]}exp(E,/keT)) 7, f(r,0,E)=exp —A)exp—B)
() o
where X > > (A"mH)B™ " (m+n)!  (4)
n=0 m=0

E.=e?%/(4 ro)—4BEY?+eEr,,
- Eamelldmeato)m4p 0 where A=e%/4mee,rksT, and B=(eErksT)(1+cosO).
andr is defined by Definingg(r,O) as the initial spatial distribution of the ther-

5 o ’ malized geminate carriers, the derived quantum efficiency is
2rhivglo/D=(hw—Ey) +e/(4meey+ro)+€Ery.

While the predictions of this model are in qualitative 77=¢of f(r,0,E)g(r,0)d.
agreement with previous observations, a quantitative agree-
ment is generally not observed over any substantial range dfssuming g(r,©) is an isotropic &é function,
experimental parametet$The most serious discrepancy be- g(r,0)= (1/4wr 3)8(r —ro), Eq. (4) can be integrated; the
tween the theory and observations lies in the magnitug® of first few terms of the solution af®
which is one of the basic parameters in the Poole-Frenkel

theory. N(E,T,r)=¢oexd —rc(T)/r {1+ (e/kgT)]rcE/2!
The previous method to remedy that was to assumerthat 2 | 2
is not constant but should be dependent on temperature, +(elke ) (ref3hre(ref2—r)E
through the diffusion velocity, and ary. Predictingr o how- +(elkgT)3(rc/aN) (r2—rr o+ r%/6)E3+ el
ever, requires proper modeling of the thermalization process
of hot carriers, which at the time was not understood well 5

enough to be uniquely determined. Therefore the reverse agvhere the critical Onsager radius;, is defined as the dis-
proach was chosen, namely, to ugeas a parameter in the tance at which the mutual Coulomb energy eql@fs, i.e.,
separation-recombination process, so that if it could be der.=e?/47eeyksT.

termined as a function of photon energy and temperature The common feature to all the above solutipBss.(1)—
from a fit of the experimental observations to the theoretica(5)] is the prediction of strong dependence of the quantum
solution, it would help to develop a model of hot carrier efficiency on temperature and external field, a prediction that
thermalization. This is the approach taken by the Onsageyill be directly compared with our experimental observa-

theory:? tions.
The original theory Onsager developed was intended for
the dissociation process of two oppositely charged ions in a Ill. METHODS OF MEASURING THE TRANSIENT
weak electrolyté? But later his solution was adopted for the ' PHOTOCONDUCTIVITY
carrier photogeneration problem @Se (Refs. 11 and 1P
and in molecular crystal anthraceh® This classical theory A. The MSS measuring technique

considered only thermalized carriers, and made no assump- The transient photoconductivity is measured using the
tions regardlng the carrier dynamics during _thermahzatlonAuston microwave stripline switch techniglied film of
The model tacitly assumes that the photocarriers are strongly ge ig deposited on an alumina substrate. The gold micro-
bound during the entire thermalization process, and reduces':tripS are deposited on top of theSe film, leaving a gap of
to a problem of Brownian motion in the presence of Cou-g um between 60Qsm-wide microstrips, and a gold ground
lomb attraction and external field. The quantum efficiencyp|ane is deposited on to the back surface of the alumina
according to this model depends on two parameters: the yielg psirate to form a transmission line with 80impedance.
of thermalized carriers per absorbed photgg, and the ini-  one microstrip is biased with a dc voltage, while the other is
tial separation between thermalized geminate carriss, connected to the EG&G PAR 4400 boxcar system fitted with
The solution provided the probability that at a given externaly Tektronix S-4 sampling headith a temporal resolution of
electric field and temperature, a pair of thermalized geminatgg ps; the photocurrent is determined from the measured
carriers separated hy, would escape geminate recombina- voltage at the 5® input resistance(to ground. A PRA
tion (it is assumed that carriers undergoing geminate recom-n105A dye laser system pumped with a PRA LN100® N
bination do not contribute to the photoconductivjtm Prac-  |aser is used to produce 25-ps pulses at the photon energy
tice, the parameterg, andr, were deduced from fitting 0 an0e 1.8-2.92 eV. The laser light is unpolarized, and its
the theoretical solution to the experimental restiffs;+>%2 spectral width is 40 nm. During measurements, the light is
The Onsager theory involves a solution of the steady-stalg,cysed onto the gap between the microstrips. The overall
Smoluchowski diffusion equation in the fiéfd system temporal resolution is about 50 ps. The low repetition
rate of the laser pulsedypically, 0.1-6 Hz facilitates re-
covery of the sample into its ground state in the intervals
for a source at and sinks at both the origin and infinity. The between successive pulsés.
ratio of the stationary flow into infinity to the flow into the The electric field distribution in the gap between the mi-
source defines the probabilifyr,O,E) that a pair of ther- crostrips can be predicted from a solution of the Poisson
malized carriers initially separated lbyand an anglé® with equation. This solution indicates a uniform electric field near

U=—e%/4mee,r —eEr cosO©
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the surface of the sample at the gap in a direction along the 12 1T
microstrips (similar to the electric field distribution in the = ' ]
gap region of a slot lif®) and a gradual deviation below the s . E: oF N ' ]
the sample surface. For the thin samples used in the present r L .. .
studies, this deviation is negligible. 2 L g . ]
Prior to carrier recombination and trapping, the quantum g 08 ¢ ..°.‘ £, E
efficiency # is related to the peak photocurreny by the & s al 3 ]
following relationship: & 06 (] "“ .
g - n e Electric 11=9;1d (VI o
I,=(1-R)(1-e*Y)enNuE/L, 6) Eo.f ’ 39. g (Viem) 3
whereR is reflectivity, « the absorption coefficienfy the é i . \ 1
mobility, L the length of the sample, the sample thickness, g o2 fF 3
andN the total number of photons incident on the sample. In [ 8 ]
practice, because of the finite temporal resolution of the mea- ok H n ]
suring system 4t) and the carrier recombination and trap- - 1
ping that, following pulsed excitation, reduce the number of [ ]
free carriers, the measured peak photocurrent represents a -0.2 i ' :
time average of the produoft) u(t) duringAt, wheren(t) 0.5 0 0.5 1 1.5

is the total number of carriers that survive recombination;
therefore, the inferred from I jrepresents a lower bound of
the quantum efficiency.

The narrow gap between the microstriwehich defines FIG. 1. Wave forms of the normalized transient photocurrent
the sample lengthof L=6 um facilitates a high external measured im-Se using the MSS configuration at 20(M) and 296
field at moderate bias voltage and thereby a high photocuf (®) (ﬁw:2-9239V’E:§X104 Viem, and 107 J/pulse; at T=296
rent response at 50 gsince for a given bia$p~L’2).1 In K, Ip=1.45>_<10*_ A; the inset depicts the peak photocurrent depen-
experiments involving very high electric fields one mustdence on bias field at 296 K.
carefully consider the possibility of transient Joule heating . .
due to the relatively large transient photocurrent that is genPhotoconductor interfaceear the front semitransparent me-
erated. Our experiments were carried out under constar@llic contacy, we found the photocurrent strongly influenced
peak photocurrent condition@t levels between I and Py @ built-in potential barrier.

102 A); i.e., as the electric field was increased, the light B. The time-of-flight measuring technique
intensity was decreased so as to keep the peak photocurrent . . .
constant. By working at a constant photocurrent, the maxi- In order to achieve high temporal resolution, the sample

mum energy per pulse due to Joule heating was limited td the _T(Q?F measurements s Incorporated onto the
Q<4x10"19 J(note that the linear dependencel pbon light microstrips? This configuration is constructed by a few suc-
intensity ina-Se justifies this measuring procedure cessive vacuum depositions onto the top side of the alumina

In the following we briefly comment on few factors that Substrate: first the bottom gold electrode, then &hé&e

may affect the experimental results; more details can b§aMPle, and finally on the top of theSe film a semitrans-
found elsewheré3:19 parent gold electrode through which the sample is illumi-

(a) We find uniform illumination of the sample important nated. The th|gkness of the sample inrd, apd the thickness
for eliminating the “glitches” in the photocurrent resporise. of the top semitransparent gold electrode is 15 nm. Th?f'ma"
In practice this condition may be approached by wideningoverlap. area between the 'top and bottom e'lectrtﬁelﬂs‘.)
the (Gaussianlaser beam waist so that it substantially over—sz_)_ minimizes the capacitance of the device, and thereby
laps the electrodes; for this illumination profile, it was shownfacilitates a temporal resolution £l ns. As in the MSS

by Auston that the relative photocurrent response to higtfonfiguration, a gold ground plane is deposited on to the
excitation is similar to low excitation at uniform field. back surface of the alumina substrate to form a transmission

(b) Measurements using the Auston switch configuration"ne with 50.‘0 impedance. The top electrode is connected to
(where the sample is uniformly illuminatedo not exhibit the boxcar input and the bottom electrode to the bias source.

significant effects stemming from an accumulation of space

charge ina-Se in the vicinity of the metallic electrodes. This  IV. EXPERIMENTAL RESULTS OF THE TRANSIENT
was verified by following a measuring procedure specifically PHOTOCONDUCTIVITY OF a-Se
designed for monitoring such effectat which the peak pho-
tocurrent is monitored while the external field is switched on
and switched off. These experiments revealed itha¢mains Most of the data reported here are framSe samples

in fact constant while the field is ofrather than monotoni- obtained from the Xerox Corporation. The samples prepared
cally decreasing when space charge is presamd abruptly by vacuum deposition in our lab exhibit similar transient
diminishes when the field is switched dffaither than exhib- photoconductivity results.

iting a negative photocurrent due to the remnant field due to Figure 1 shows a typical transient photocurrent wave form
the space chargé However, as will be demonstrated in the of the a-Se sample, at two temperatures: 20 and 296 K,
next section, in the TOF measurements wredlghe photo- normalized at=0. The photocurrent waveform is character-
carriers are created in the vicinity of the metal-ized by a fast initial rise, followed by a fast fall into a small

Time (ns)

A. Results in the MSS configuration
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FIG. 2. The temperature dependence of the peak transient pho- 1 10 100
tocurrent measured ia-Se using the MS$at#w=2.92,E=6x10" .
vicm). Applied Voltage (V)

longer-lived photocurrent tail that disappears at low tempera- G. 3. The d q f th . h .
tures. The photocurrent rise time indicates the overall tem. " 'CG- 3. The dependence of the transient cha@yen positive

poral resolution of the measuring system. The photocurrenkfias voltage measured in the TOF configuration at two photon en-
e ergies: 1.8 eM®) and 2.92 eV(A).
rate of decay depends on temperature: fitting the data to an

exponential form indicates a characteristic decay time of 46
and 170 ps at room temperature and 20 K, respectively.
As shown in Fig. 2, in contrast to the photocurrent tail the
magnitude ofl , decreases only slightly at low temperatures.
The different temperature dependencd pand of the pho-
tocurrent “tail” indicates that two distinct transport mecha-
nisms dominate the short-and long-lived photocurrent com
ponents.
The small gap configuration in the Auston swit@um)
is useful for determining the dependence of the photocurre
on the external field in a broad field regime. Our déate-
picted in the inset of Fig.)lindicate a linear dependence of
I, on E up to the highest applied fielx 10° V/icm). I, is The room-temperature photocurrent wave fdfig. 5 in
found to be linearly dependent on light intensity as well. TheRef. 3 is characterized by a short-lived response associated
magnitude of the peak photocurrent at room temperatureyith the transport of both electrons and holes at the absorp-
measured atw=2.92 eV,E=6x10" V/cm, and with energy tion region, followed by a plateau that is associated with
per pulse of 108 J is 1.45<10 3 A. Using Eq.(6), we find  transport of one type of carrier that eventually solely remains
the quantum efficiency to bey=4x1072. Note that this in the sample, after the other type of carrier has reached the
value of 5 is a lower bound for the quantum efficiency, since, front metallic electrode where it recombined. The plateau
as mentioned above, the measured peak photocurrent is primdicates that after a short tirfen the order of 1 niscarrier
portional to a time average of the produdit) «(t) during  recombination is effectively quenched. The constant photo-
At, at a time whem is rapidly decreasing. current persists until the photocarrier packetectrons or
Measurements employing the MSS configuration with aholes, depending on the polarity of the external fie&hches
larger gap between the microstrips and a laser light focusethe back electrode. The mobilities of electrons and holes as
into a spot smaller than the gap size indicate that the photadeduced from the measured transit times in our experiments
current response is not very sensitive to the location of thegree with previous results:!?
light spot. Also, measurements in which the regions of the As will be discussed in the next section, at a photon en-
metal-semiconductor interface are maskesing the scheme ergy at which the absorption depth is relatively small, the
depicted in Fig. {c) in Ref. 3] indicate photocurrent re- onset of recombination quenching depends on the external
sponse at all temperatures. field, whereas for relatively thick samples, uniformly ex-
In order to measure the photocurrent response at low dergited, no effective recombination quenching can be achieved.
sities of excitation, we measured thedependence on tem- In order to verify this we measured the transient photocurrent
perature in a thilm-Se samplg240 nm at Aw=1.8 eV at  in the TOF configuration at two photon energies: 2.92 and
moderate fieldE=3x10* V/cm) with two additional pream- 1.8 eV. Figure 3 indeed shows that at 1.8 eV, at which the
plifiers so that the light intensity could be reduced considerdight absorption is almost uniform across the relatively thick

%bly. These measurements at a laser pulse energy smaller
than 3x10 2 J indicate a prompt transport mechanism that is
temperature independent. Considering the relatively small
optical absorbance di-Se atZiw=1.8 eV, we estimate the
density of excitation in this experiment to be below!%0
cm 3. At higher photon energies, small density of carriers
could be obtained in measurements at the high-field regime.
These measurements also confirmed the temperature inde-
rﬁendence of .

B. Results of the TOF measurement
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tinuously as the sample temperature is reduced. In par-
ticular, as the temperature approaches zero the photocur-
rent tail diminishes.

Measurements df, at a reduced light intensitiv=1.8

eV) with increased sensitivitythat is facilitated by two
additional preamplifieps verify a temperature-
independent prompt transport mechanism at a density of
excitation between 6 and 16° cm™3, which we esti-
mate to be too small to cause any significant sample
heating.

The transient photoconductivity in “conventional” semi-
conductor single crystals such as GaAs, InP, and
anthracene manifests the expected increased Igfat

low temperatures due to the variation of the mobility.
Also, transient photoconductivity measurements on ma-
terials undergoing structural phase transition, such as
polydiacetylene-TSRef. 21) and oxygen-free g, re-
veal a signature of this phase transitigypically in the
form of a maximum ofl ;) at the correct transition tem-
peraturegknown from other independent measurements
such as x-ray diffraction, efc.

sample(3um), the integrated charg® (obtained from inte-
grating the transient photocurrent wave forism almost lin-

early dependent ofE (Q~E'%), whereas at 2.92 eV, at
which the absorption depth is much shorter, it depends su?)
perlinearly onE (Q~EY%.

The observation of a photocurrent response at zero ap-
plied field (when both electrodes are groungléa our TOF
experiments(Fig. 6 in Ref. 3 reveals unambiguously the
existence of a built-in potential at the metal-semiconductor
interface. At relatively low light intensity, only a negative
transient photocurrent is detected, but at higher light inten¢3)
sity a longer-lived positive transient photocurrent appears.
The photocurrent wave form seems to be the sum of these
two responses.

The transient photocurrent depends on the polarity of the
external voltage in the following way: as a positive voltage is
applied, the positive component of the photocurrent detected
at zero bias increases, while the negative photocurrent com-
ponent decreases and eventually diministast-2 V). The
opposite behavior is observed at a negative external voltage
polarity. The negative photocurrent component increases
with an increased field while the positive component dimin-

ishes(at —2 V). At V>2 V, when excited with photon energy . .
of 2.92 eV,1, as well asQ increases superlinearly witH. The observation of temperature-independent photocon-

The peak photocurrent in the TOF configuration exhibits gductivity at the earliest time accessilig0 p9 suggests that
thermally activated behavidrwhere the activation energy POth the quantum efficiency and prompt mobilityarSe are
for the positive photocurrent is about 0.16 eV. In this con-témperature independent. A temperature-independent prompt

figuration, the peak photocurrent varies sublinearly with lightMobility resembles the carrier dynamics in amorphous met-
intensity, ad pEI0.5_ als. This carrier dynamics is different from the one exhibited

Finally, we note that the dependencelgfon photon en- by the thermally activated mobility usually observed in TOF
ergy in the TOF configuration is significantly stronger thanexper?ments, which 'refl_ects t_he carrier dynamics at relatively
the one in the MSS configuration. This greater sensitivity tdond times after excitatioftypically att>0.1us) when mul-

photon energy in the former case is in agreement with preliPle trapping transport prevails.

vious TOF measurements2which revealed a ratio of the ~ 1he linear dependence df, (as revealed by the MSS
photocurrent at 2.92 and 1.9 eV of abouf'16ignificantly =~ Measurementsand drift velocity (as revealed by the TOF

larger than the oné8.5) observed in the MSS configuratidn. Mmeasurementson external field indicates that the quantum
efficiency ina-Se must be field independeuip to the maxi-

mum applied external field in our experiment, ok 50°

V/cm). This observation, however, does not accord with the
Onsager model, and in particular with the predicted mono-
tonic increase of the quantum efficiency with the field above
10* V/iem 12A detailed discussion of the superlinear depen-

As Fig. 1 indicates, the transient photoconductivity Indence of the carrier supply yield on the field in the TOF and

a-Se consists of two distinct transport mechanisms: a rela>-(D i ted in th ¢ tion indicat
tively short-lived temperature independent one and a long?, measurements présented in the next section Indicates

lived thermally activated one, we associate with a carrien.Ihat it originates from the increased supply yield rather than

V. DISCUSSION

A. Photoconductivity results in the MSS configuration

dynamics while occupying extended band states as well

states near the band edges while the carriers tunnel progre , :
sively into lower states, and a phonon-assisted multiple trapr-nOdEI. at low f'eld. reg_|meéE<_10“ Viem) where they reveal
a carrier supply yield increasing monotonically wHh con-

Before discussing any other implications of the data, Wetradlstmctlve with the theoretical

address the question of the possibility of the sample heatinE;1
due to the laser light in our experiments. Considering the

ping transport at band tails, respectively.

various experimental observations obtained using the MS

measuring configuration, we have concluded that theé
temperature-independent initial transient transport is an in
trinsic property ofa-Se, and that the sample heating due to
the laser light is rather small, estimated to be on the order o

1 K. The following observations support this conclusion:

(1) In many materialge.g.,a-Se, conducting polymers,¢;

increased quantum efficiency. It is noteworthy that previous

OF and XD measurements also disagree with the Onsager

prediction of field-
dependent quantum efficienty!?

Generally, duringAt, the contribution of the phonon-
ssisted multiple-trapping transporto the transient photo-
urrent is evidently small as indicated by the weak depen-
ence ofl, on temperature(see Fig. 2 At the low-

temperature regime this contribution is negligible as carriers
‘freeze” at traps. The decay of the transient photocurrent at
his temperature regime follows an exponential form, indica-
tive of monomolecular recombination kinetics. The relatively
small contribution of the multiple trapping transport mecha-

etc) the transient photocurrent wave form evolves con-nism to the prompt photoconductivity response at higher
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temperature is indicated by the slower rate of decay of thdy the following observations: photocurrent response at zero
transient photocurrent and the appearance of a small longxternal field, strong dependencelgfon V, thermally acti-
lived photocurrent tail. At these temperatures, at a relativelyated!,,, andl,’'s great sensitivity to photon energy. These
long time after excitatiorit>300 pg the transport via mul-  characteristics, which are the hallmarks of photoconductivity
tiple trapping(i.e., carrier capture at localized states and phoin photodiodes, clearly indicate the existence of a built-in
non assisted carrier release into extended band s&es-  potential barrier at the semiconductor-metal interface that
tually prevails. The characteristic activation ener@.,  strongly affects the carrier transpdrin particular since all

associated with this transport mechanism is time dependenfe carriers are excited at this interface and must confront
Eacincreases with time while the carriers relax progressivelyig potential barrier.

into deeper traps. Similar behavior has been observed in

Th li f th i ly yiel
other low-mobility systems such as conducting polyrtiets e superlinear dependence of the carrier supply yield on

an external field in the TOF measurements appears to origi-

rent on light intensity implies that the quantum efficiency is
independent of the level of excitatigne., carriers are gen-
erated by a first order proceé&s.g., interband transitiorand
cannot be attributed to interactions between excitations

Sec. IV B, the initial transient photocurrent in the TOF arises
from the motion of both electrons and holes at the absorption
region, at which time it decays mostly via carrier recombi-
nation. When excited at a spectral region where the absorp-

bThe tz.iCt'On sptectru_m (ijp EE c;)njggctlloyn V\f’;th :het opt||cal tion coefficient is relatively largéand the absorption depth is
apbsorption Spectrum 18-5e (R€1s. 10~z refiects 1ts elec- relatively small one type of carrier(either electrons or

tronic band structure. As expected, higher photoconductivit)holes is eventually eliminated from the samplas it has

IS e.xh|b|ted at higher photon Energies as more carriers ar(‘?ompleted traversing the absorption region and recombined

excited above the mobility edge. . . ._at the front metallic electrodeAt this time carrier recombi-
The gboye data suggest the following scenario of carmefation is effectively quenched, as manifested by the charac-

generation ina-Se. Upon pulsed photoexcitation these pro-ye i plateau seen in the TOF photocurrent wave fotm.

Eessestay éalie_bpl?cé:)ZHoct carrier tlherrtr]allz?tlct){]] |nbto ?j However, the onset of recombination quenching depends on
ermi-Dirac distribution{(2) Carrier relaxation to the ban the external field, since at a higher field the carriers aiming

edges.(S) Carrier recomblnatlon(4) Carrier trapping at lo- toward the front contact are driven faster out of the sample.
calized states at band tails. Some of these processes m@()nsequently, in this case, the onset of recombination

proc_eed simultaneously. But promptly_e_lfter excitation, Wh.“equenching occurs faster, resulting in a higher number of car-
carriers occupy states above the mob|I|ty edge, th? contnpuﬁers of the opposite charge that survive recombination. Thus,
tion of the long-lived transport mechanism associated Wltq
phonon-assisted multiple trapping is evidently small, as in
ferred from the relatively small variation 6f with tempera-
ture. It is noteworthy that other independent measuremen
have also revealed the existence of hot carriers in various
low-mobility materials?*?°Generally, the distinct features of
transient photoconductivity ia-Se, as compared to crystal-
line semiconductors, derives from the existence of traps an
disorder that significantly reduce the mobility and prolong

the transient fransport, as evidenced by the appearance 0sﬁperlinearly(almost guadraticallyon V, since that in addi-

temperature-dependent long-lived photocurrent tail. tion of the transient photocurrent increasing withdue to

The mappllcablllty of the Onsa}ger geminate recomb|_na-the larger drift velocityv4, the number of carriers escaping

. . . N Pecombination in the photoconductor increases also With
be appropriate for strictly localized excitations, rather than P

L o, as the recombination quenching occurs at progressively
for excitations at energy levels above the mobility edge. Weshorter timegthat are inversely proportional t0,). In con-
note that in conducting polymers, where the breabands

f ugated ool tend t d extensive delocalizati trast, at a photon energy of 1.8 eV almost linear dependence
of conjugated polymers tend toward extensive delocalizatione I, onV is observed. This latter behavior, which is similar

the Onsager geminatg recombination model is inapplicgbl?o the one observed in the MSS configuration, can be under-
as well*®*?! This classical model appears more appropriate ’

for d ibi h involving localized ; stood by noticing that at this photon energy the absorption
or describing phenomena Involving localized carriers, Sucr}aepth is largg1l/a is greater than the sample thickness of 3
as discharge processes following corona charging via a dar

. . ~um) and thus recombination quenching cannot be achieved
current, a phenomenon to which this model has been appheﬁ the range of the bias voltage used in our experiments
as welll® The dark transport in this case involves carrier

o ) (V<1 V/cm), since the lifetime of the carriers is shorter
E.T'Ss'%n from c‘;'e_eP t(;apz m:]o energy Igvsls f;bove I’:he M%han the time required for the carriers aiming toward the
Iltydeb ghe, ‘."”15 Is Indeed characterized by thermally acliy,o ejectrode to traverse the sample.
vated behavior. The second effect contributing to the superlinear depen-
dence of the transient photocurrent \@rin the TOF experi-
ment may originate from the existence of a potential barrier
The TOF measurements exhibit a qualitatively differentat the semiconductor-metal interface, as indeed verified by
transient transport than the one observed in the MSS conrarious models of transport through a potential bargeg.,

figuration. The former experimental results are characterizettansport in photodiodes, thermionic emission, )étt.

he field in the TOF measurements determines the “carrier
'supply yield” rather than the intrinsic quantum efficiency
defined as the total number of carriers created by an ab-
orbed photon, prior to recombinatjon

In an experiment designed to verify this, the transient
photoconductivity in the TOF configuration was measured at
two photon energies: 2.92 and 1.8 eV. The results depicted in
ig. 3 indicate that in the former case, where the absorption
epth is relatively small, the integrated chaiQedepends

B. Results of the TOF experiments
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The dependence df, on light intensityl (i.e., |, propor-  the uniform excitation of a relatively long sample prevents
tional to 195 suggests a bimolecular recombination kineticsthe attainment of field-induced recombination guenching.
in the TOF measurements. In this measurement, the longer It has been acknowledged previousl{?*°that a mono-
photocurrent rise tim@At=1 ng results in a greater contri- tonic increase in the photocarrier supply yield upon increas-
bution by the multiple-trapping transport to the initial photo- ing the field observed in both the TOF and XD measure-
current response. Therefore, a weaker dependentg ofi  ments disagrees with the prediction of the Onsager model of
light intensity occurs in the TOF measurements, consisteny constant quantum efficiency below*Mcm. This discrep-
with the sublinear dependence of the photocurrent tail Oyncy was attributed previously to surface recombinatidR.
Iight_inten_sitygfglund in measurements employing the MSSg,ch, a suggestion appeared to be supported by a TOF ex-
configuration’™ periment in which the carrier generation was accomplished

Finally, the much greater sensitivity 6 on photon en- by second-harmonic excitation. Since the quantum efficiency

:/Irg)éngzhaeszgfn;nnefasuuregqsetgttsﬁa‘gtlsitcn?i:pg:ies(je\:‘\:’Ig;ntg?r:']li:;:hﬁ this experiment was found to be independent of bias field
g9 Y it was considered an indication of a “bulk behavior?

rocesses underlying the superlinear dependenGevatrsus " . . ) .
P ying P P e #owever, it is noteworthy to point out that in this experiment

V. Thus, at higher photon energies, for which the absorptio h Il optical absorb he fund I | h
depth is comparatively small, recombination quenching at &€ Small optical absorbance at the fundamental wavelengt
fesults in almost uniform excitation profile across the

given applied voltage can be attained faster and thus result i o , .
a higher carrier supply yield, as compared with the one gen§ample, a situation that prevents the attainment of recombi-

erated at low photon energies. In addition, a higher current i§&tion quenching. Thus, this excitation profile is expected to

expected at higher photon energies, as the carrier excited HSUlt in @ field-independent carrier supply yield.
higher energy levels is more likely to surmount the built-in __Considering the various processes underlying the TOF,
potential barrier at the metal-semiconductor interface. XD, and MSS experiments, we can reconcile the different

experimental observations and conclude that they are not in-
herently in conflict. But it is important to realize the respec-
) ] ~tive utilities of each experimental technique. While the mea-
~ The carrier supply yieldrather than the quantum effi- syrement employing the MSS sample configuration appears
ciency in a-Se, as inferred from TOF and XMRefs. 11 and  adequate for studying the prompt carrier dynamics and the
12) measurements, appears to depend strongly on tempergtrinsic properties of the carrier quantum efficiency, the
ture, electric field, and photon energy, characteristics that argOF method seems better suited for measuring the mobility
qualitatively different from the temperature-and the field- (ysually att>10"° s). The experimental configuration used
independent quantum efficiency revealed by the MSS megn poth the TOF and the XD experiments, where the elec-
surements. In the fOIIOWing we explore additional faCtorStronS and hole can be effective|y Separated by the external
that distinguish these measuring techniques, and in particulaje|d, are useful for obtaining high photocarrier supply yield

those pertaining to the XD. o _in a measuring configuration similar to the one used in
An important experimental factor distinguishing the vari- glectrophotographf/*®

ous measuring methods is the temporal resolution. The typi-
cal temporal resolution in TOF and XD measurements is
from submicrosecond to millisecond. Therefore, the photo-
conductivity manifested by these measurements is greatly
influenced by the temperature-dependent, long-lived trans- Studies of fast transient photoconductivityarSe reveal
port mechanism. two distinct transport mechanisms. The first is a short-lived
In Sec. V B we discussed the distinct role played by theone due to carrier dynamics at extended band states and at
external field on recombination quenching as well as the efstates near the band edges where the carrier tunnels progres-
fect of the built-in potential on the photocurrent response irsively into lower states. The second is a long-lived one due
the TOF measurements. Similar effects due to the externab multiple trapping at band tails. We find the quantum effi-
field are expected to occur also in the XD experiment. In thisciency in this prototypic low-mobility system independent of
“contactless” experiment the bias field is created by chargtemperature and electric field up to the largest applied field
ing the samplde.g., corona chargingln order to retain the of 5x10° V/cm, inconsistent with the Onsager model which
charge for a sufficiently long time, the photoconductor mustpredicts a strong dependence of the quantum efficiency on
have a large density of deep surface traps. After charging, thieoth field and temperature. While this and other previous
sample in the XD experiment is discharged by a steady-stateodels emphasize the role of external fields and phonons in
monochromatic illumination, as the photocarriers recombinghe dissociation process of thermalized geminate photocarri-
with the localized charges. The rate of discharge is thereforers, our observations at the earliest time accessideps
a measure of the photocarrier’s supply into the surface reindicate that carrier photogenerationasSe occurs while the
gion; this photocarrier supply is inferred experimentally from excitations are delocalized.
the decay of the surface potenttaf:21°In the XD experi- Fast transient photoconductivity measurements provide a
ment, the attainment of recombination quenching is also exwindow for measuring the carrier dynamics at extended band
pected to depend on the surface potential and the photostates in amorphous semiconductors. We find the prompt car-
energy for similar reasons to those discussed in regard to thiéer mobility in a-Se independent of temperature, qualita-
TOF measurement. So, once again, we expect the XD expetiively different than the thermally activated mobility associ-
ment to reveal the carrier supply yield rather than the quanated with multiple-trapping transport prevailing at longer
tum efficiency, in contrast to the MSS experiment in whichtime scales that usually prevails in TOF experiments.

C. Comparing previous and present experimental observations

VI. SUMMARY AND CONCLUDING REMARKS
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The high-field capability enables measurements at low Another factor that influences the photocurrent in the TOF
density of excitation. We find the linear dependence of theexperiments has been traced to the existence of a built-in
photocurrent on light intensity persisting at a density of ex-potential barrier at the photoconductor-metal interface. In
citation below 16° cm™2, which is smaller than the density fact, all the hallmarks of such a potential barrier are mani-
at which exciton condensation into electron-hole dropletSested in this measuring configuration: photocurrent response
usually occurs in crystalline semiconductors. at zero bias field, thermally activated photoconductivity,

Analysis of a comparative study of transient photocon-greater sensitivity to photon energy, and strong dependence
ductivity in the TOF and MSS sample configurations unrav-of the photocurrent on the bias field. However, it appears that
els the distinctly different processes underlying the photocurihis puilt-in potential barrier does not affect significantly the
rent responses in various measuring meth@dSS, TOF,  photocurrent response in experiments employing the MSS
and XD). The analysis indicates that it is the carrier supplysamp|e configuration.
y|E|d rather than the intrinsic quantum EfﬁCiency that can be F|na||y we note that some important questions remain
inferred from TOF and XD experiments. We have demon-gpen; in particular the magnitude of the mobility in the sub-
strated that the carrier supply yield observed in the TOF a”%icosecond time regime, as well as the properties of the
XD measurements depend strongly on the external fiel¢quantum efficiency in systems characterized by very small
since the external field modifies the onset of carrier recommopility, i.e., u<1 cn?/V s. Measurements of transient pho-
bination quenching. In contrast, in the MSS configuration toconductivity and mobility in the subpicosecond time re-

where a relatively long sample is excited uniformly, the ef-gime will be crucial for addressing these fundamental ques-
fect of the external field on the carrier recombination appearggns.

to be negligible, consistent with similar observations made

previously in TOF measurements when the sample was ex-

cited uniformly via second harmonic generation. We find the ACKNOWLEDGMENTS

carrier recombination quenching by the external field in the

TOF and XD measuring configurations useful for obtaining We are most grateful to D. M. Pai for providing some of
high carrier supply yield, whereas the MSS measuring conthe amorphous selenium samples used in our studies and to
figuration is better suited for investigating the prompt carrierOmri Moses for proofreading the manuscript. This research
dynamics and the intrinsic properties of the quantum effiwas supported partially by the National Science Foundation

ciency. under NSF-DMR93-00366.

1D. H. Auston, J. Quantum ElectroB, 636 (1983. 14W. Warta and N. Karl, Phys. Rev. 82, 1172(1985.

2D. Moses, Solid State CommuB9, 721 (1989. I5M. Scharfe, Electrophotography Principles and Optimization
3D. Moses, Philos. Mag. B6, 1 (1992. (Research Study Press, John Wiley, New York, 1984

“D. M. Pai and B. E. Springett, Rev. Mod. Ph5, 163 (1994. ijJ Frenkel, Phys. Re2, 599 (1934.
5N. F. Mott and E. A. Davis,Electronic Processes in Non- ~ M. D. Tabak and P. J. Warter, Phys. R&v.3 899 (1968; E. A.

Crystalline Materials(Clarendon Press, Oxford, 1979 1 Davis, J. Non-Cryst. Solidg, 107 (1970.
®M. Pope and C. E. Swenber§lectronic Processes in Organic 19R' R. Chance and C. L. Braun, J. Chem. P§8.2269(1973.
Crystals(Clarendon Press, Oxford, 1982 D. Moses and A. J. Heeger, Relaxation in Polymersedited by

T. Kobayashi(World Scientific, Singapore, 1993
20K C. Gupta,Microwaves(Wiley, New Delhi, 1979; F. Gardiol,
Introduction to Microwaves(Artech House, Dedham, MA,

"E. A. Silinsh, Organic Molecular Crystals. Their Electronic
States(Springer-Verlag, Heidelberg, 1980
8K. c. Kao and W. HwangElectronic Transport in SolidéPerga-

1984.
mon Press, Oxford, 1981 21 . .
°R. G. Kepler, inTretise On Solid State Chemistedited by N. B. D(.ll\élé)%es, M. Sinclair, and A. J. Heeger, Phys. Rev. L5812710
10 Hannay(Plenum, New York, 1976 \ol. 3. 22C. H. Lee, G. Yu, B. Kraabel, D. Moses, and V. I. Srdanov, Phys.
J. C. Knights and E. A. Davis, Phys. J. Chem. Solgfs 543 Rev. B49, 10 572(1994.
(1974 M. A. Kastner, inPhysical Properties of Amorphous Materials

D. M. Pai and R. C. Enck, Phys. Rell, 5163(1975. edited by D. Adler, B. B. Schwartz, and M. C. Steé@enum,
!?R. C. Enck and G. Pfister, iRhotoconductivity and Related Phe-  New York, 1985.
nomenaedited by J. Mort and D. M. PdElsevier, Amsterdam, 247 v, vardeny and J. Tauc, iSemiconductors: Probed by Ultra
1976. Fast Laser Spectroscopgdited by R. R. Alfano(Academic,
3. Onsager, Phys. Re®4, 554 (1938. A recent theoretical ex- New York, 1984, \ol. 1.
tension of the Onsager solution has been developed by H. Sché?J. R. Andrew, T. E. Orlowski, H. Gibson, M. L. Slade, W. Knox,
and S. Rackovsky, J. Chem. Phg4, 1994(1984. and B. Wittsmershaus, Phys. Rev.2B, 6545(1983.



