VoLUME 31, NUMBER 4

PHYSICAL REVIEW LETTERS

23 JuLy 1973

pure samples with a controlled amount of magnet-
ic impurities of a type chemically very similar

to the host atoms, preferentially also giving res-
onant spin-flip scattering to the conduction elec-
trons. The condition «k >1 assumed in this calcu-
lation is not a serious obstacle, because our pre-
vious work has indicated that the « dependence of
ps is weak both in the high-field [see Eq. (20)]

and in the low-field? limits. Furthermore, by us-
ing very thin films, even type-I materials can ex-
hibit flux-flow behavior with an effective x >1.*
Because of the wide variation of p, predicted
here, experimental work under the gapless con-
ditions studied here is desirable.
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Two-photon photogeneration has been observed in amorphous selenium., The field de-
pendence of this uniform bulk photogeneration process saturates at low fields and fits a
Poole-Frenkel model down to 300 V/cm. The previously reported strong field dependence
of the generation efficiency at low fields for strongly absorbed light is attributed to sur-

face recombination.

Time-of-flight and charge-integration measure-
ments have been invaluable tools for studying in-
trinsic photogeneration and charge transport in
insulators. This is primarily because they en-
able one to determine the bulk current and ef-
fective transit time for either carrier (depending
on the polarity of the bias voltage). Knowledge of
both the current and the transit time then allows
the rate of supply of carriers to the bulk to be un-
ambiguously determined. For various experimen-
tal reasons these measurements have generally
been restricted to the use of strongly absorbed
light. Under these circumstances, however,
since all of the carriers are produced very near
the surface, surface recombination, trapping,
and exciton dissociation, as well as bulk recom-
bination in the generation region, can strongly
influence the results. This is particularly seri-
ous for those materials where the onset of strong
optical absorption occurs lower in energy than
the onset of efficient photogeneration of free
charge. In amorphous selenium, for example, it
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has not been possible to separate unambiguously
the electric field dependence of intrinsic photo-
generation from surface recombination and trap-
ping effects? (all of which affect the rate of car-
rier supply), since only very strongly absorbed
light generates carriers efficiently. Similar
problems occur in molecular materials ranging
from orthorhombic sulfur to anthracene.

We suggest that two-photon processes provide
a powerful tool for the study of intrinsic photo-
generation in these materials, since they allow
carrier pairs to be created in the bulk with ener-
gies equal to pairs created by very strongly ab-
sorbed light near the surface. We report here
the observation of two-photon absorption in amor-
phous selenium and the results of unambiguous
photogeneration efficiency measurements using
the two-photon process to generate bulk carri-
ers uniformly. The observed efficiency of this
bulk generation process is consistent with a
Poole-Frenkel mechanism from 3x10? to 10° V/
cm. This indicates that the linear field depen-
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dence of the rate of carrier supply previously re-
ported® below 10* V/cm, which was attributed to
a linear field dependence of photogeneration ef-
ficiency, *3 is actually caused by surface recom-
bination or trapping, rather than by an intrinsic
generation process.

The samples used in this study are 20- to 50-
pm-thick films of selenium, vacuum evaporated
onto aluminum or nesa-glass substrates held at
55°C. The films are amorphous and have a very
high dark resistivity. The sandwich cell geome-
try is completed by evaporating semitransparent
top electrodes of gold or aluminum. Since the
electrodes form blocking contacts to the seleni-
um, the sample forms a simple capacitor of ca-
pacitance C and thickness L, with an internal
electric field E=V/L. The film is then illumin-
ated through the electrode by a 25-nsec light
pulse from either a filtered spark source or a
passively @-switched Nd-glass laser. In the
small signal case (photogenerated charge < CV),
the photogenerated charges drift across the sam-
ple at constant velocity u, ,E, where u, , is the
drift mobility for electrons or holes. The result-
ing current pulse is observed on an oscilloscope.

For a strongly absorbed light pulse, a rectan-
gular current pulse is observed of duration T,
=L*/u, ,V (T, <7, ,, the carrier lifetimes, and
T, >the width of the light pulse). Holes or elec-
trons are observed, depending on the polarity of
the illuminated electrode. Under these condi-
tions, our samples give results for yu, ,, current
pulse shape, and intensity dependence of photo-
generated current which agree with those previ-
ously reported. 24

For the weakly absorbed laser pulse (hv=1.17
eV) with the gold electrode biased positively, a
rectangular current pulse is observed due to
photoemission from gold into selenium.® With
the nesa or aluminum electrodes biased positive-
ly, a triangular current pulse is observed which
peaks at =0 (the time of the laser pulse) and de-
creases linearly to zero at time T,=L1?/p,V. A
typical current pulse is shown in the inset in Fig.
1, where the transit time equals the width of the
base of the triangle. The hole drift mobility 4,
is the same as for strongly absorbed light. This
is the type of current pulse that would be expect-
ed for uniform generation throughout the sample
of free holes. Of course, pairs of holes and
electrons are generated, but since the hole mo-
bility is 30 times the electron mobility, the elec-
tron current pulse is not resolved in this mea-
surement (although it is seen when the integral
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FIG. 1. Photogenerated charge as a function of flux
of 1.17-eV photons for a 58-um-thick amorphous sele-
nium layer., The applied field is given for each curve
and the arbitrary charge units are different for the two
curves. Inset, photocurrent pulse for this sample with
300 V applied. Also shown (displaced in time), output
of the photodiode monitoring the light pulse.

of the current is observed). The integral of the
triangular pulse, which is proportional to the
photogenerated charge, is shown as a function

of incident photon flux F for two values of the ap-
plied electric field in Fig. 1. In the region where
the pulse shape could be measured accurately

(= 2x 10?2 photons cm™2 sec™?), plotting the peak
photocurrent instead gave equivalent results.
For large values of photon flux (F = 10?2 ¢cm ™2
sec™!) the charge varies as F", where n has
been observed to vary between 1.8 and 2.1. This
shows that the uniform bulk photogeneration ob-
served is due to a two-photon absorption process
in this intensity region. Preliminary time-re-
solved measurements of the nonlinear absorption
indicate that this is a two-step process proceed-
ing through real intermediate states, rather than
an instantaneous process proceeding through vir-
tual intermediate states.® At lower intensities,
n=1.25, indicating a transition to a one-photon
process involving excitations of holes from im-
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FIG. 2. Quantum efficiency of two-photon absorption
as a function of electric field and the square root of
electric field for a 51-pm-thick amorphous selenium
layer. Dashed line, typical quantum efficiencies for
strongly absorbed light (see Ref. 2).

perfections or impurities.

For bulk absorbed light, the most direct mea-
sure of the photogenerated charge is the initial
value of the current in the triangular current
pulse since no carriers have yet left the sample.
In the large-signal case, where the photogener-
ated charge = CV, the current pulse is no longer
triangular as a result of the collapse of the inter-
nal field as the holes transit the sample. (The
electrons can be considered stationary on this
time scale.) However, the initial current is still
proportional to the photogenerated charge since
the internal field has not yet been affected. Since
the room-temperature drift mobility in selenium
is field independent, we take the photogeneration
efficiency n to be proportional to the initial cur-
rent divided by the applied field.

This photogeneration efficiency for two-photon
absorption is shown as a function of initial elec-
tric field by the data points in Fig. 2 (a). Rela-
tive efficiency is plotted since the two-photon ab-
sorption coefficient is unknown. The plotted
points have been corrected for variations in laser
power by dividing the measured photocurrent by
the square of the peak power of the exciting laser
pulse. The scatter in the data at high fields is
due primarily to pulse-to-pulse variations in la-
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ser-mode structure. The total experimental er-
ror in this region (>10% V/cm) is estimated to be
equal to the typical scatter observed. At lower
fields, noise and the previously mentioned dis-
tortion in pulse shape (since one CV of charge is
photogenerated at ~10%® V/cm) cause additional
error, as can be seen from the increased scat-
ter. The possible influence of trapped space
charge on the low-field results was investigated
by extensive dark resting of some samples and by
measuring internal fields using higher field trans-
its excited by strongly absorbed light. This ef-
fect was found to be negligible. Also shown in
Fig. 2(a), by the dashed line, is the reported
single-photon photogeneration efficiency for 2.34-
eV light (twice the laser photon energy), normal-
ized to the two-photon data at high field. Essen-
tially identical single-photon results are observed
in our samples. In contrast to the linear field
dependence of photogeneration veported below

10? V/cm for single-photon excitation, the two-
photon results show the low-field satuvation pre-
dicted for a genevation process involving field-
aided thermal dissociation of the photogenevated
hole-electron paivs.

The photogeneration efficiency is replotted in
Fig. 2(b) as a function of the square root of the
electric field. The resulting straight line shows
the data to be described over the entire field
range by a function of the form

n=n, exp[(BE'/2 - €,)/kT],

where 7,, B, and €, are constants, and E is the
electric field. This expression is predicted by a
Poole-Frenkel model for 1«1 and has been pre-
viously proposed to explain photogeneration in
selenium for strongly absorbed light above ~10*
V/cm."2? The slope of the straight line gives a
value for B of (2.45+0.2)X1072% J (V/m) 2, which
is equal within experimental error to the value
observed for 2.34-eV light.! Since B is wave-
length dependent in the 2.34-eV wavelength re-
gion, this result suggests that the state into which
the carriers are photoexcited is identical for
2.34-eV light and for two photons of 1.17-eV
light.

The deviation of the field dependence of sin-
gle-photon photogeneration in selenium from the
predictions of a field-aided thermal dissocia-
tion model (Onsager theory” or Poole-Frenkel
effect2) at low field has been the subject of much
speculation. It has been suggested that this de-
viation may be due to failure of the isotropic-
media theory to describe the random-walk pro-
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cess in a locally anisotropic material such as
selenium.® This is inconsistent with our results
since it predicts that the field dependence of pho-
togeneration efficiency is independent of absorp-
tion depth. Other possibilities discussed have
been monomolecular (since the efficiency is in-
dependent of light intensity) bulk recombination
in the generation region®*® and surface recom-
bination.*8

Our results show that bulk recombination is
not an appropriate explanation since this process
requires that the transition field E_, separating
the regions of linear field dependence and Poole-
Frenkel dependence vary linearly with absorp-
tion depth as long as the recombination remains
monomolecular.® For bulk absorption the transi-
tion field would shift to ~10° V/cm. Instead, the
linear region disappears. If the absorption re-
gion has a different recombination lifetime than
the bulk, this argument is not as strong, but
some shift should be seen as a function of wave-
length and none is reported. Those processes
also predict equal hole and electron efficiencies,®
in disagreement with experiment. The absence
of bulk trapping effects associated with the re-
combination centers has also been used as evi-
dence against the importance of bulk recombina-
tion.2

If surface recombination were the dominant
process at low fields, it has been shown that the
transition field E, would vary inversely with op-
tical absorption depth.>® This would require E,
<100 V/cm for bulk absorbed light in our sam-
ples, in agreement with our results. The ab-
sence of this variation for strongly absorbed
light has been used to reject surface recombina-
tion as a factor in the low-field behavior.? 38
The conclusion is open to question, however,
since it has been shown that the low-field behav-
ior and the location of the transition field E_ are

strongly sample and history dependent.!®!! The
history dependence is probably caused by trap-
ping of charge near the surface. The resultant
lowering of the field in the generation region al-
lows a greater number of carriers to diffuse to
the surface and recombine, thereby decreasing
the carrier supply. We therefore feel our bulk
photogeneration measurements indicate that sur-
face effects cause the strong field dependence of
photogenerated carrier supply at low fields for
strongly absorbed light in selenium.

In conclusion, we have demonstrated two-pho-
ton absorption in amorphous selenium and have
used this process to study bulk photogeneration
in this material. It has been shown that the elec-
tric field dependence of the bulk photogeneration
efficiency fits a Poole-Frenkel model, saturating
at low field, in contrast to the strong field de-
pendence reported at low fields for strongly ab-
sorbed light. This disagreement has been as-
cribed to the effect of surface recombination on
the carrier supply in the strongly absorbed case.
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