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Abstract. Photopyroelectric spectroscopy (P?ES) of n-CdS single crystals was performed at
an open circuit, and in conjunction with photocurrent spectroscopy (PCS) in the presence of
an applied ac or dc transverse field. The results showed that P?ES is very sensitive to the
presence of deliberately introduced subbandgap defect structures, with the P2E signal
dominated by non-radiative de-excitation mechanisms at defect centers. The potential of
this technique as a powerful electronic defect diagnostic tool, combined with the overall
experimental simplicity, was demonstrated with mm-thick crystals used as received in an

open-cell geometry.

PACS: 72.20, 61.70

There exists a continuous need for nearly perfect II-VI
compound semiconductors for use in microelectronic
and optoelectronic device technologies. Such materials
have the tendency, however, to form intrinsic defects
and to deviate from stoichiometry, depending on the
preparation method [1]. Pure and specially doped
CdS single crystals are finding increasing applications
as photoconductive, photovoltaic and optoelectronic
devices. Further recent applications of pure CdS as the
active element in solid state excitonic lasers at low
temperatures [2] have accentuated the demand for
defect and impurity-free samples of this semiconductor
for high optical gain performance. It is, however,
crucial to develop spectroscopic techniques with high
sensitivity to the presence of the complex electronic
defect networks in CdS and other compound semi-
conductors, with a view to identify the contributions of
such defect centers to undesirable non-radiative energy
emission and ultimately associate this behavior with
specific phases of the crystal growth or device fabri-
cation process. In the past few years photoacoustic
spectroscopy (PAS) has proven to be a particularly
sensitive technique in monitoring non-radiative defect

centers in CdS both in the piezoelectric detection mode
[3] and the microphonic mode at room [4] and at
cyrogenic [5] temperatures. Siu and Mandelis gave a
theoretical interpretation of the PA spectra from
n-CdS in terms of their dependence on the wavelength-
dependent non-radiative quantum efficiency in the
defect-rich subbandgap region [6] in the presence of
other competing de-excitation channels, such as
photocurrent generation upon application of external
electric fields, or radiative transitions (luminescence).
The validity of that theory was further corroborated by
experimental agreement with photocurrent (PC) spec-
tra. A comprehensive review of CdS PAS was recently
presented by Mandelis [ 7], and definitions pertinent to
non-radiative phenomena in CdS have been given by
Mandelis and Siu [4].

The important low temperature region, however,
still remains somewhat problematic, if the use of
microphone gas-coupled PAS is opted for, due to
acoustic noise associated with the separation of sample
and microphone chambers and the presence of liquid
nitrogen [4]. Acoustic noise is also inevitably present
at room temperature as well as in piezoelectric detec-
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tion contributing to the relatively low signal-to-noise
ratio (SNR).

Photopyroelectric spectroscopy (P?ES) has re-
cently emerged as a simple, powerful photothermal
technique for the spectroscopic study of condensed
phase materials [8—13]. Pyroelectric thin-film sensors,
such as polyvinylidene difluoride (PVDF) [14] have
proven to be capable of providing high SNR, high
quality spectra of thin-film materials [8, 11, 15], as well
as spectra of condensed phase samples in the thickness
range above 200 um [10].

In this work we exploited the non-acoustic nature
of the detection mechanism of thin-film P2ES to obtain
high quality, high SNR spectra of n-CdS single crystals
pyroelectrically for the first time. The back-detection
character of P2ES proved to yield extreme sensitivity
to subbandgap defect centers, superior to microphonic
PAS. The overall simplicity and open-cell geometry of
the detection method further point to P?ES as an
optimum photothermal spectroscopy for non-
radiative defect studies in semiconductors.

1. Materials and Experimental

CdS samples used in this work were high purity n-type
single crystals from Eagle-Pitcher, Inc., Miami, Okla-
homa with nominal resistivity ¢ =1.3 — 1.9 x 10° Q-cm.
The nominal mobilities were 190-215cm? V™~ 1s™1,
The crystal growth details were published elsewhere
[4]. The crystals were cut with the optic c-axis parallel
to the surface plane. They were etched in 95% by
volume of 3M HCl and 5% by volume of 30% H,0,
in H,O to remove any surface damage which might
distort the photopyroelectric (P?E) spectra at and
below the bandgap energy E, [16]. Electrical connec-
tions were made using an In-Ga mixture at opposite
crystal edges with surface normals perpendicular to the
detection of incident radiation. This metal-
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semiconductor interface was shown to exhibit approxi-
mately ohmic characteristics in the voltage range
between — 10V and + 20V, with a slight change in the
slope of the I-V curve upon reversal of the sign of the
field [4]. .

The experimental system used for combined photo-
pyroelectric and photoconductive spectroscopic
studies is shown in Fig.1. The CdS samples were
electrically isolated from the PVDF Ni-Al metalli-
zation by a thin Teflon membrane stretched over the
polyelectric film which was housed in an Inficon™
quartz microbalance sputtering sensor body assembly
(Model 007-048) with a crystal holder (Model 007-049)
and a ceramic retainer (Model 007-023). This assembly,
conventionally used as a quartz crystal housing, was
readily adapted to mount PVDF thin-films, offering
mechanical support, rf shielding and electrical con-
tacts. The Teflon membrane, besides electrically de-
coupling the samples from the detector, served as a
barrier to direct PVDF film irradiation at subbandgap
wavelengths where CdS is optically transparent. The
mounting of PVDF thin film detectors in the rf
shielded housing was accomplished using the method
described by Coufal and Peterson [17]. The optical
circuit shown in Fig. 1 used randomly polarized light
from a 1000 Xe lamp (Oriel Model 6141) to photoexcite
CdS crystals simply held in position on top of the
Teflon membrane with a mechanical screw assembly
applying gentle pressure and ensuring intimate
thermal contact with the detector. ac voltages were
applied to CdS using a Krohn-Hite model 5100 A
generator. dc voltages were applied using a Coutant
model LQ 100/30 voltage/current generator. All P2E
amplitude spectra were normalized by the Xe lamp
spectrum obtained using the bare PVDF film covered
with the Teflon membrane as the detector, and stored
in the computer memory for later use. Similarly, all
P?E phase spectra used in this work are the result of
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subtraction of the Teflon-covered detector phase
spectrum.

2. Results and Discussion

Three kinds of experiments were performed at room
temperature: (a) open-circuit P?ES; (b) P?ES and PCS
with an applied transverse dc bias; and (c) PES and
PCS with an applied transverse ac bias.

2.1. Open-Circuit P*E Spectra

The open-circuit P?E absorption spectrum of a CdS
crystal is shown in Fig. 2. At the modulation frequency
f of the experiment (3 Hz) the thermal diffusion length
U in CdS is

u(f)=(o/mf)"? 1)

or, u(3Hz)=1.26 mm, using [18] the value for the
thermal diffusivity of CdS ac4s=0.15 cm?/s. Therefore,
the 1 mm thick sample is essentially thermally thin at
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Fig. 2a and b. Normalized photopyroelectric spectrum of n-CdS
single crystal in the band-gap region. Thickness: 1 mm; modu-
lation frequency: 3 Hz; (a) Amplitude, (b) Phase (Resolution:
2 nm)
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3Hz and the P2E signal is proportional to the
absorptance and hence to the optical absorption
coefficient of CdS [12] under conditions of constant
thickness. The position of £, at ca. 500 nm in Fig. 2is in
agreement with transmission measurements of that
quantity reported elsewhere [4]. In what follows A, will
be defined to be the wavelength associated with the
band-gap energy. '

Previous photopyroelectric spectroscopic mea-
surements [9, 117 indicate, and the developed theory
[12] predicts, that there occurs an inversion in the
spectral character of P?E spectra with increasing
modulation frequency above a transition frequency f,
such that

.us(f O) ~L > (2)

where L is the sample thickness. As the material
becomes thermally thick, the absorption spectrum
gradually becomes a transmission spectrum. For our
CdS single crystal of Fig. 2, f,~ 5 Hz. Figure 3a shows
the onset of spectral inversion at ca. f=6 Hz (ampli-
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Fig. 3a and b. Modulation-frequency dependence of photo-
pyroelectric spectra of CdS crystal (1 mm thickness) —0-0—:
3Hz; -a-A-: 6Hz; +—+—-: 9Hz, x-x-: 12Hz, ¢—&—-:
15 Hz; (a) Amplitude, (b) Phase (Resolution: 2 nm)
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Fig.4a and b. Photopyroelectric spectrum of n-CdS single
crystal with narrowline fracture. Thickness ca. 0.4 mm; modu-
lation frequency: 2 Hz; (a) Amplitude, (b) Phase (Resolution:
2 nm)
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Fig. 5. P2ES phase of n-CdS single crystal with narrowline

fracture. Thickness ca. 0.4 mm; modulation frequency: 75 Hz
(Resolution: 2 nm)

tude spectrum). The P2E phase, however, does not
exhibit inversion characteristics (Fig. 3b) in agreement
with the photopyroelectric theory [12]. Although thin
PVDF films are known to exhibit piezoelectric
behavior and have been used to measure acoustic
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vibrations by means of pulsed laser excitation [19], the
observed qualitative agreement of the spectral inver-
sions in Fig. 3 with the purely photopyroelectric theory
of [12] was a good indicator that we were only
observing pyroelectric effects in our experiments. This
was further corroborated with negligible acoustic
ringing of the mounted PVDF films.

A thin n-CdS crystal exhibiting the low frequency
spectrum of Fig. 2 was further etched to thickness ca.
0.4 mm, so that the condition

u(2Hz)=1.55mm> L 3)

was valid and the sample was definitely thermally thin.
When deliberate mechanical damage was introduced
to the crystal in the form of a narrowline fracture along
the c-axis which did not entirely sever the crystal, but
introduced a damage network below the surface and
outward from the fracture line, the 2 Hz P2E spectrum
of the crystal exhibited strong inversion of features
with respect to the curves of Fig. 2a, with the subband-
gap signal increasing approx. tenfold over its value
before the fracture (Fig. 4a) while the superbandgap
signal remained essentially unchanged (compare with
Fig. 2a). The P2E phase of the intact crystal (Fig. 2b)
shows a gradual increase (indicated as a more positive
value in this and later figures, and henceforth desig-
nated as a “phase lead”; the opposite effect will be
designated as a “phase lag”) over ca. 100 mm span
before saturating in the region above 4, as expected
from the shift of the heat centroid from the remote
front crystal surface (opaque superbandgap region;
A<490 mm) into the bulk and closer to the back
PVDF detector with decreasing optical absorption
coefficient. This trend has been interpreted theoreti-
cally previously [12]. The P2E phase of the fractured
crystal, however, (Fig. 4b) is characterized by a much
more abrupt increase above A, of ca. 10 nm span before
saturation. Below 4/, the phase exhibits a minimum at
ca. 513 nm (which corresponds to a maximum in phase
lag) in lieu of the monotonic behavior shown in Fig. 2b.
This phase minimum becomes more pronounced with
increasing modulation frequency as was verified with
experiments performed at 6, 10, and 75 Hz. The P2E
phase at 75 Hz is shown in Fig. 5, which shows that the
spectral position of the maximum lag remained un-
changed with frequency at ca. 513 nm. A spectral
behavior similar to that of Fig.2b of the phase of an
intact CdS single crystal in a microphone gas-coupled
PA cell with back surface detection has been observed
by Takaue et al. [20] at frequencies ranging from 8 to
80 Hz, with a flat superbandgap profile and a broad
subbandgap increases with onset around 520 nm and a
span of ca. 100-120 nm before saturation. The
frequency-dependent P?E phase increase below
513 nm in Figs. 4b and 5 is most likely related to the
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perturbed heat centroid location after the introduction
of damage. In the presence of large densities of non-
radiative defects the heat centroid may no longer be
dominated entirely by the optical absorption length in
the material, but rather by bulk defect centers via their
contributions to the wavelength dependent non-
radiative quantum efficiency, nyg(4). In this case, the
observed phase increase below 513 nm in Fig. 5 would
be explained by the domination of defect densities
in proximity to the front crystal surface, where such
densities are expected to be the highest in the vicinity of
the fracture line in spectral regions near E, where f(4)L
~1 [ B(A): optical absorption coefficient]. Consequent-
ly, the spectral characteristics of the PE signal vs.
wavelength would depend on g f) and would change
as a function of modulation frequency as observed in
Figs.4b and 5. On the other hand, the more abrupt
change in phase at 1> 513 nm registered in Figs. 4b
and 5 than that in Fig. 2b may be due to the difference
in sample thickness (0.4 mm vs. 1 mm, respectively): As
the wavelength is scanned from below to above the
band-gap, the heat centroid in the thinner sample
should traverse a shorter distance over a smaller A
range than in the thicker sample, thus exhibiting a
more abrupt phase change [21]. These proposed
mechanisms are in qualitative agreement with the
phase spectra of Figs. 4b and 5 and intermediate ones
obtained at 6 and 10 Hz.

2.2. P?E and PC Spectra:
Modulated Optical Excitation with dc Electric Field

To test further some of these ideas several experiments
were performed with a dc voltage applied transversely
across the CdS crystal. The magnitude of the applied
bias was varied between 5 and 30 V. Both photo-
pyroelectric and photocurrent spectra from the frac-
tured crystal were obtained simultaneously and are
shown in Figs. 6 and 7. In Fig.6a the spectrum
corresponding to the V;, =0V case, when expanded, is
described by that of Fig.4a for the fructured crystal.
The P?E and PC amplitudes (Figs. 6a and 7) respec-
tively, show large increases with increased bias and a
maximum at ca. 529 nm, in agreement with previous
photoacoustic data [4, 5]. No local maximum at
shorter wavelengths can be identified in the P2E
spectrum, unlike the PA spectra of crystals from the
same batch reported in [5]. We attribute the absence of
the high energy peak to complete spectral domination
by the large increase of the sub-band-gap P2E signal
due to the enhanced Joule effect [4, 5, 22] in the
presence of non-radiative scattering centers, perhaps in
conjunction with the suppression of interband tran-
sition features due to the back surface detection, as
observed previously by Hata et al. [23] with a
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Fig. 6a and b. PZE spectra of n-CdS single crystal (narrowline
fracture) with an applied transverse dc bias of 0 V (~0-0-); 5V
(+=+-); 10V (x—x-); 20V (6—-9-); 30 V (A—a-); (2) Ampli-
tude, (b) Phase. f =10 Hz (Resolution: 2 nm)
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Fig. 7. PC spectra corresponding to Fig. 6

piezoelectric transducer. The P?E and PC amplitude
decay to very small values below A, in Figs. 6a and 7 is
consistent with surface excitation and the absence of
bulk carrier contributions to either signal, in agree-
ment with earlier observations [4, 5,21, 22]. The strong
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peaks in the PE spectra of Fig. 6a and PC spectra of
Fig.7 were identified photoacoustically [6] to be
consistent with the spectral variation of the non-
radiative quantum efficiency #y.{4) in the presence of
large defect densities. The PC phases for all applied
biases essentially coincided below .4, and exhibited a
slight downward trend (lag) at long wavelengths
similar to that reported in [5]. The P2E phase spectra
of Fig. 6b show suppresion of the sub-band-gap lead
exhibited for V;, =0V in Figs. 4b and 5. The observed
lag saturates for V;,>10V at long wavelengths and is
consistent with increasing domination of the sub-
band-gap signal by the electric field-induced, spatially
integrated Joule heating [4]. It can be concluded from
Fig. 6b that the heat centroid in the defect-rich crystal,
when dominated by the Joule effect, lies closer to the
front surface than that due to defect center non-
radiative release at V; =0V, assuming that the in-
creased phase lag with increasing ¥, is the result of the
bulk heat centroid moving closer to the front surface in
this back detection experiment, as argued earlier in
discussing Figs. 4b and 5. For higher values of the dc
electric field, Joule phenomena are expected to domi-
nate larger spectral ranges up to photon energies close
to E,, where surface absorption becomes predominant
and the P2E phase spectra become independent of the
value of the field. These trends can be seen as blue shifts
of the phase spectra with increasing V,, in Fig. 6b, as
well as “bunching” of all spectra at A= 500 nm for all
values of V.. The actual phase behavior with ¥, in the
wavelength range between 500 and 525 nm is expected
to be a complicated function of electron-defect interac-
tion in the crystal, its optical spectrum and the
modulation frequency of the thermal probe. On the
other hand, lock-in detected PC spectra are a measure
of the peak values of free carrier density generation
rates per wavelength with amplitude decreasing with
increasing modulation frequency, since the total num-
ber of photogenated carriers per period decreases. This
trend was verified in our previous combined PA/PC
study of n-CdS [4] and was also observed in the
present work. The PC phase, however, does not
depend on thermal diffusion mechanisms, but rather
on electronic transport which is very fast compared
with the range 2-75 Hz used in these experiments. It is
thus expected to be independent of modulation fre-
quency and of the actual value of V,, in agreement
with our observations.

2.3. P2E and PC Spectra:
Unmodulated Optical Excitation with ac Electric Field

The main difference between this mode of experimen-
tation and the preceding one is that this mode is only
sensitive to thermal energy released due to the Joule
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Fig. 8a and b. Magnitude (a) and Phase (b) spectra of P2E re-
sponses from defect-rich CdS crystal with an ac transverse electric
field of 20 V peak-to-peak. (—0~0-): 20 Hz; (-a—a-): 40 Hz;
(—+—+-): 55 Hz (Resolution: 2 nm)

effect in the crystal (P2E spectra), while PC spectra are
dominated by electronic transport of carriers which
survive Joule effect scattering and decay. This is so,
because the photogenerated carrier densities are dc
(unmodulated), and therefore thermal energy from
non-radiative carrier recombination is also not tem-
porally modulated and thus will not be lock-in de-
tected by the P?E and PC probes. The only ac
dependence in the sample is that due to the alternating
electric field E(¢) contributing a Joule heat density
proportional to E*(t) and to the dc photogenerated
carrier density [ 5, 6,22]. Therefore, a simpler interpret-
ation of the experimental responses than that of
Sect. 2.2 is expected with this mode of experimentation.
The magnitudes and phases of the P2E and PC spectra
with a 20-V peak-to-peak ac clectric field applied
transversely across the defect-rich CdS crystal are
shown in Figs. 8 and 9. The P?E maximum, in Fig. 8a
occurs at 529 nm for all modulation frequencies, i.€. in
the same spectral location as the maxima in Fig. 6a; so
do the PC maxima in Fig. 9a, similar to those in Fig. 7.
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Fig. 9. (a) and (b) PC spectra corresponding to Fig. 8

The constancy of the spectral position of the P?E
528529 nm maximum with mode of experimentation
(dc or ac electric field applied) and under different
modulation frequencies was previously observed
photoacoustically [4] and interpreted as related to the
wavelength-dependent non-radiative quantum effici-
ency. The independence of the PC magnitude (Fig. 9a)
from modulation frequency is also expected, as the free
carrier density within the crystal (the quantity directly
related to be PC magnitude) is not affected by the low
modulation frequencies employed here, compared to
the carrier response rate. The P?E magnitude response
is, of course, thermal diffusion-limited and exhibits
large attenuation with increasing frequency (Fig. 8a).

Under unmodulated optical excitation and photo-
carrier orientation in the presence of the external ac
electric field, the generation and recombination of free
carriers are dc phenomena and thus carrier lifetimes
should not affect the thermal wave (P?E) phase
response [4, 24]. The increase in the P?E phase lag
(f =20 Hz) observed in Fig.8b can be attributed to
sub-band-gap domination by bulk Joule heating,
consistently with the behavior exhibited in Fig. 6b. The
phase inversions observed in Fig. 8b for /> 20 Hz are
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not well understood at this time, however, the effective
phase lead which appears at A1=515nm could be
indicative of the domination of the thermal wave signal
by non-radiative defect energy release deep in the bulk
(i.e., closer to the detector), over the smaller, (and closer
to the front surface) volume probed by the shorter
thermal diffusion length-limited Joule effect at higher
frequencies. This conjecture would be consistent with
the well-known fact that back-detection thermal wave
techniques carry information integrated over the entire
body of the sample, unlike microphone gas-coupled
PAS, which detects a temperature modulation only
after it has reached the sample surface due to the
superposition of thermal waves moving back to the
surface [25]. Consequently, the mean pathlength of the
photopyroelectric thermal wave is larger than that of
gas-phase PAS and the P?E phase spectra are expected
to contain deep-bulk information not accessible to the
PA phase spectrum [4].

The PC phase spectrum is independent of the
photocarrier density, which is temporally constant and
varies with photon energy. It depends, however, on the
carrier diffusion length [26]

L,

Lw)= A +iwn

“)

where 7 is the photocarrier lifetime and L, is the
diffusion length under dc field conditions. In the limit
wt <1, the PC phase is expected to be independent of
the mechanism producing the photocurrent. Thus, at
low modulation frequencies

<12 (5)

a spectrally flat PC phase response would be expected,
in agreement with Fig. 9b. The large standard devi-
ations at A< 510 nm are due to the extremely low PC
signals at that region, Fig.9a.

3. Conclusions

The present work has established the use of P?ES as a
spectroscopic technique sensitive to the non-radiative
energetics of electronic defect centers in the sub-band-
gap region of defect-rich semiconductors such as
n-CdS single crystal. The spectral domination of the
sub-band-gap region by defect-related heat release was
shown to be complete, leading to spectral feature
inversions between the intact and the defective CdS
crystals. This behavior shows that P2E spectra are
much more sensitive to defect centers than similar PA
spectra [5], where both interband transition and
defect-related spectral peaks of similar magnitudes
were found to co-exist. The high non-radiative defect
center sensitivity of P?ES, coupled with the extreme
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simplicity of the experimental system may possibly
establish this technique as the leading candidate for
spectroscopic studies of defect physics in crystalline
and non-crystalline semiconductors.
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