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Photopyroelectric spectroscopy of a-Si:H thin semiconducting films on quartz
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Photopyroelectric spectroscopy (PPES) of plasma-enhanced chemical-vapor-deposited a-Si:H thin
films on quartz has been performed and compared with the conventional widely used photothermal
deflection spectroscopy (PDS). High-modulation-frequency (thermally thick limit) data were com-
bined to yield self-consistent optical-absorption-coefficient and nonradiative quantum efficiency
spectra. The quality of the PPES optical-absorption-coefficient spectrum was found to be similar to
the PDS spectrum. The former technique, however, has the advantage of not requiring a coupling
fluid interface to the delicate, electronically active thin film.

I. INTRODUCTION

Photopyroelectric spectroscopy has proven to be a sen-
sitive qualitative! and quantitative? technique for thin-
film spectroscopic applications. An important feature of
this back-surface-detection technique, not shared with
the more conventional front-surface photothermal detec-
tion methods [photothermal deflection spectroscopy
(PDS) and photoacoustic spectroscopy (PAS)] is its abili-
ty to measure directly and separately two independent
spectrally varying parameters: the optical-absorption
coefficient’ and the nonradiative quantum efficiency.
PDS of thin semiconducting films of amorphous hydro-
genated Si* readily yields information about the product
of the optical absorption coefficient, a(A ), and the nonra-
diative quantum efficiency, n(A). The standard assump-
tion is, however, that n(A) is not a sensitive function of
the exciting-photon energy. This assumption is generally
wrong, and nonradiative quantum efficiencies have been
found photoacoustically to vary by 1 order of magnitude®
across the optical gap in Ge-doped As,Se; chalcogenide
glasses. PAS yields amorphous thin-film spectra similar
to PDS.® The working assumption has been that PA
spectra are essentially accurate above the optical gap, as
7(A) is expected to be independent of photon energy. Ki-
tamura et al.’ were able to derive extended 7(A) spectra
of (As,Se;) 00—, Ge, glasses upon combining PA spectra
with optical-absorption-coefficient information obtained
in an independent spectrophotometric experiment using
ordinary polished bulk samples. These authors, however,
were not able to guarantee that the glasses and the bulk
samples had the same (or even nearly similar) a(A) spec-
tra.

From an experimental point of view, it is highly desir-
able to develop a thin-film photothermal spectroscopic
technique which can exhibit the convenience and high
sensitivity of PDS without the requirement for a fluid in-
termediate with a large-refractive-index gradient dn /0T
(e.g., CCly), where the probe beam may propagate and get
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deflected. The presence of the liquid interface in PDS
precludes experimentation at low temperatures and may
have electrochemical consequences in the case of ul-
trathin quantum-well structures. In that case, alternative
interface wave-guiding structures, involving the contact
of the epitaxial side with a glass slide, have been em-
ployed.” Furthermore, in terms of detector-noise limita-
tions, PAS suffers from microphonic acoustic noise,® and
PDS is probe-beam-Poynting-noise limited.>® PPES, on
the other hand, operates on the pyroelectric principle and
is not limited by the above-mentioned noise sources. Fi-
nally, in our own experience, and in that of others,!® we
have found that three-dimensional effects associated with
the location of the laser probe beam with respect to the
dark edge of the illuminated sample surface region in a
PDS experiment have substantial influence on the PDS
measurements. An alternative method which is insensi-
tive, or less sensitive than PDS, to such geometrical con-
straints would appear desirable at this point in the evolu-
tion of thin-film photothermal spectroscopies.

In this work we present our preliminary findings in the
first application of PPES to a-Si:H thin-film investiga-
tions and compare features of the obtained spectra to
conventional PDS data.

II. THEORETICAL

Figure 1 shows the idealized geometry for PPES detec-
tion. The detector element is assumed to be a polyvi-
nylidene difluoride (PVDF) thin pyroelectric film with
opaque metal electrodes evaporated on both sides. The
irradiating modulated-light intensity is assumed to be
sinusoidal, written in the form

I(A,w)=Iy(Aexpliowt) , (1)

where w=27f is the modulation angular frequency. The
geometry of Fig. 1 has been considered previously! and
the complex PPE signal response can be expressed as
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FIG. 1. Idealized PPES thin-film system geometry for
theoretical considerations.

AV =S (A, 0)=C(o)y())
X {nsi(A) A5 (R)
Xexp[ —(1+ilag(wldy]
+ Ap(M)np(A)Tg(A)} . (2)

In Eq. (2), C(w) is an assortment of instrumental and
geometric parameters of the sample-PVDF detector sys-
tem; 7g(A) and 7p(A) are the nonradiative quantum
efficiencies of the @¢-Si:H thin film and the PVDF film
detector, respectively; Ag;(A) and Tg(A) are the Si ab-
sorptance and transmittance, respectively; and ay(w) and
-dg are the thermal diffusion coefficient and thickness of
the quartz substrate. The former quantity is defined by

ag(w)=(0/2By)""?*, 3)

where B, is the quartz thermal diffusivity.
In the absence of the a-Si:H sample, the PPE reference
signal Si (A,®) can be written as

AV e =Sp(A,0)=C (o) o(AM)np(A) AR(L) . @

For the present purposes, the PVDF film absorptance
Ap(A)is

Ap(M)~1—Rp(A), (5)

i.e., the transmittance of the detector will be assumed to
be zero, a very good approximation for electroded and
coated thin-film pyroelectric PVDF. In Eq. (5) R(A)
stands for reflectance. Two special cases of the simple
theory presented above are of experimental interest in the
context of this work.
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A. High-frequency limit
This limit is defined by the thermally thick condition
ag(w)dy>>1 (6)
or ‘
f>By/md} . v

Equations (2) and (4) then yield the normalized signal ex-
pression

S(Aw)

SR(A,,(U) zTSl(}\’) . (8)

In this case, a wavelength scan will produce an optical
transmission spectrum of the thin-film sample.

For a thin absorbing a-Si:H film deposited on a nonab-
sorbing substrate, at normal incidence, it is known that!!

Ts(A)=16ngny(n*+k?)/[BD expladg;)
+EC exp(—adg;)
+2V cos(4nmdg; /M)
+2U sin(4nmdg /A)] , 9)

where n is the index of refraction for air (ny=1), ng is
the quartz index of refraction (=n,,=1.516), and the
a-Si:H thin-film complex refractive index is given by

NA)=n(A)—ik(A), (10)

with the extinction -coefficient associated with the
optical-absorption coefficient through the relation
_ Amk(A)

5

The remaining constants in Eq. (9) are defined as fol-
lows:

a(A) (11

=(ntny)’+k?, (12)

aw

o

=(ntny)+k?, (13)

|

V=(n3+nd)n*+k?)—(n?+k?)>
—ning+4ngnyk? , (14)
U=2k(ng+ny)n?+k*—ngng) . (15)

Furthermore, n(A) and k(A) are linked together
through Eq. (9) and a similar nonlinear expression!! for
the reflectance R (A). No simple mathematical method
exists for solving for n(A) and k (A) from the expressions
for T(A) and R (A), however, several schemes have ap-
peared in the literature with various degrees of suc-
cess.”””15 For the purpose of obtaining approximate
PPE spectra from experimental data through the
optical-gap region, the mathematically convenient in-
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coherent approximation'® may be used:
T(A)=16n’nqny /[BD explads;)—CE exp(—ads;)] .
(16)

B. Low-frequency limit
In this case the thermally thin condition
f<By/md} (17
gives the following expression for the normalized signal:

S(Ae) _

Sehw) [T(Si(A)ASi(k)exp[—(I—H)aQ((u)dQ]

+p(M)Ap(MT5(M)} /mp(A) Ap(A) . (18)
Under the realistic assumption!

and, in view of the fact that Rg(A) does not change by
more than approximately 25% across the optical gap for
a-Si:H thin films,'®!” we set

ASI(A)ZI_R&(}")_TS;(}")zI—T&(}") . (20)

This approximation, in practice, is not as bad as it may
appear in the first place: neglecting Rg;(A) contributions
for the sake of experimental PDS data interpretation has
been previously used* successfully and has yielded
optical-absorption-coefficient information within an error
of less than 20%. Under these conditions, the low-
frequency PPES normalized signal becomes

Sto) _ o) [T )
Sp(A,0) ~1si(A) A0 exp[ —(1+i)ag(w)dy]
Ts(A)
: 21
Ap(A) 2y

III. EXPERIMENTAL AND RESULTS

a-Si:H thin films were prepared on quartz by plasma-
enhanced chemical-vapor deposition (PECVD). The sub-
strate temperature was 225°C, the total plasma power
was 40 W, and the feeding gas was SiH, diluted to 10%
in helium. The gas-flow rate was 200 sccm (cubic cm per
min at STP) and the total gas pressure was 400 mTorr.
The quartz substrates had been sputtered clean in argon
prior to deposition and were mounted at the anode of the
PECVD system.

Figure 2 shows an outline of the PPE spectrometer.
Both sample-holder and reference cells were fabricated
using standard commercially available components as de-
scribed elsewhere.!® The surfaces of the 28-um-thick
PVDF films were blackened so as to minimize the film
reflectance Rg(A), which was shown to vary substantially
for Ni-Al electrodes'® across the spectral range of interest
(500-900 nm). The samples used in this work were
placed on the exposed, blackened PVDF ground elec-
trode and were held in place mechanically by use of gen-
tle pressure so as to achieve intimate thermal contact, as
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FIG. 2. Photopyroelectric spectroscopic apparatus for thin-
film studies. An oscillating mirror was used as a chopper. On-
line spectral normalization was effected by simple computer
software.

indicated by the optimized photopyroelectric signal mag-
nitude at low modulation frequencies (thermally thin lim-
it). The signal quality was improved substantially by us-
ing two Ithaco 1201 low-noise preamplifiers and ap-
propriate frequency band-pass settings before channeling
the photopyroelectric signals to lock-in amplifiers. For
purposes of comparison, a quartz cuvette containing an
a-Si:H sample was filled with CCl, and held in place of
the sample PVDF detector cell. A He-Ne laser probe
beam was added and conventional normalized PD spec-
tra were obtained using a standard position sensor (UDT
model 431 position monitor connected to a UDT SC125
light-position detector) fitted with a narrow-band optical
filter at 632.8 nm. PDS signal normalization was per-
formed through ratioing by the reference cell PPE signal.
The PDS signal quality was further enhanced using an
Ithaco 1201 preamplifier stage in the same manner as
with the PPES signal processing.

Figure 3 shows normalized PPE spectra obtained at 20
and 0.9 Hz. The low-energy-end interference fringe pat-
terns essentially coincide for both frequencies, in agree-
ment with the highly transparent nature of the sample in
that region where direct optical transmission is the cause
of PPE signal generation. At the high-energy end of the
spectrum, transmission-related signals are only of minor
importance and contribute little in the thermally thick
limit (20 Hz). The major contributor to the thermally
thin (0.9 Hz) signal is the transmission of the thermal
wave generated within the Si film, which is acting as a
heating strip on the surface of the much thicker quartz
substrate.

Figures 4(a) and 4(b) show the results of using the in-
coherent approximation, Eq. (16), to reduce the data. To-
ward this end, the following steps were utilized: (a) The
maximum transmittance was calculated theoretically, as-
suming k (A)=0, from
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4n,n
Tmax= 02 > =0.96 5 (22)
(nyt+ng)
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FIG. 3. PPE spectra of a-Si:H film on quartz. Slit-width
resolution: 16 nm.
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FIG. 4. Incoherent approximation calculations of PPE sig-
nals in (a) the thermally thin and (b) thermally thick cases. The
curve in (b) was used as T;(A) in Eq. (8).

(b) the lowest-energy experimental interference fringe
maximum was matched with the theoretical T ,, at 0.96
(Fig. 3); (c) the incoherent transmission was calculated
from the envelope of extrema as the geometric average?®

T;=(Tax Tin)' 5 (23)
(d) Eq. (16) was used in the form
(TP o= 20— (pny  24)
(n?+ngng)(ng+ngy) T et

for k(A)=a(A)=0, where (T["*).,, is the value given
from the flat portion of the PPE transmission spectrum,
or from the largest measured A; (e) Eq. (24) was finally
solved for n:

a1 2 1/2
=L —b+(b2—4 ;
n 2a[ ( ac)'’°];

4ngng

a=1, b=—— 22
(n0+nQ)T1max

c=ngng . (25)

Using T7*#*=0.596, Eq. (25) yields n =3.61. This value
for n is well within the band of accepted values for a-Si:H
thin films.>?! It was assumed spectrally constant (also a
standard thin-film PDS assumption4), and was subse-
quently used in all further calculations. The incoherent
curves of Fig. 4 were thus obtained using n =3.61. Fig-
ure 5 shows the optical-absorption-coefficient a(A) spec-
trum obtained using the incoherent approximation of
Fig. 4(b) as T(A) in Egs. (8) and (16). The values for
a(A) were obtained using the numerical method of halv-
ing the interval (or bisection method).? For these calcula-
tions, the a-Si:H thin-film thickness was estimated from
the interference pattern of Fig. 3 using the approximate
formula (n =const)*
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FIG. 5. Optical-absorption-coefficient calculation for @-Si:H
thin film using PPES and PDS. For details, see text.
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1
1 )"m + 1}"m =
d4g=—|7——""""7|=0.9 , 26
S 2n A1 Ay Hm 20 é
where A,, ; 1,A,, correspond to adjacent interference max- 'g
ima such that A, , ;> A, . Figure 5 also shows the a(}) o -1
spectrum obtained using conventional PDS. Assuming &)
complete photothermal saturation at 500 nm, the normal- E
ized PDS signal may be divided by its saturation value, =]
yielding?* S -3
<
IPDS(}‘)/IPDS( }"saturation) ﬁ
o
7si(A) B
—— |{1—exp[—a(A)dg]} . -5
nSi( )"saturation ) Si rﬁ I I ! !

27

The PD a(A) spectrum of Fig. 5 was obtained by smooth-
ing the raw PDS signal output to eliminate the interfer-
ence fringes, using a three-point averaging technique
which was found very useful in previous work.?’> In addi-
tion, the simplifying assumption 7g(A)/7gi( Aqueuration) = 1
was made, in line with conventional PDS spectroscopic
calculations of thin films.* The similarity of the two en-
tirely independently obtained a(A) curves in Fig. 5 is re-
markable and is a proof of the good spectroscopic capa-
bilities of both techniques in measuring optical absorp-
tion. Figure 5 shows that the assumption of saturation at
A=500 nm is justified, in retrospect, as
1—exp[ —a(500nm)dg ]=1—exp(—7)=1. It ought to
be noticed, however, that the PDS absorption curve falls
consistently under the PPES curve throughout the mea-
sured spectral region. It will be seen below that the most
likely source of this discrepancy is the nonconstancy of
nSi(}\')'

The incoherent curve in Fig. 4(a) was then used for the
self-consistent calculation of the nonradiative quantum
efficiency 7ng(A). In view of the blackened PVDF detec-
tor surfaces, :

AV =1, (28)

to a very good approximation, so that Eq. (21) may be
further simplified:
S(A,w)

szSi(M[I_TSi(M]

Xexp[ —(1+iag(w)dy]+ Tg(A) . (29)

Now, the thermally thin limit equation (29) indicates
that, given experimental values for Tg(A) (high-
frequency PPES signal at incoherent approximation), and
a good knowledge of d and ag(w), ngi(A) may be calcu-
lated self-consistently for each wavelength using the am-
plitude of the low-frequency PPES signal. Figure 6
shows the frequency dependence of the PPES signal in
the opaque region (A=490 nm). In that region
1—Tg(A)=1in Eq. (29) and one obtains

S(Aw)

SR()\.,CL))

A measurement of the slope of the line in Fig. 6 and
use of Eq. (3) yielded the value BQ=7.85><10“3 cm?/s

In ~—aglwld, . (30)

0.5 1.5 2.5 3.5 4.5 5.5
frequency'”? (Hz!?2)

FIG. 6. Frequency dependence of normalized PPES signal
from a-Si:H system in the opaque spectral region (A =490 nm).

for the quartz thermal diffusivity, in good agreement with
published values.?® Finally, Eq. (29) was solved for (1)
in the form

_ 1
’rISi(?»)——l_TSi(Mexp(anQ)
2
S(Aw) T2 . 2 172
X ——_SR(k,a)) T (Msin“(agpdy)
—cos(apdy) | . (31)

The resulting 7g(A) spectrum is shown in Fig. (7). The
nonradiative quantum efficiency of the a-Si:H thin-film
sample is seen to vary by more than 1 order of magnitude
across the material optical gap. It saturates at wave-
lengths above the gap, becoming independent of hv, as
reported elsewhere,® and decreases for below-the-gap ex-
citation, in agreement with indirect (photoluminescence)
measurements performed previously.”?”?® Thermal con-
version efficiencies in the 0.5-0.001 range were previous-
ly determined photoacoustically’ for Ge-doped As,Se;
chalcogenide glasses, with order-of-magnitude variations
across the optical-absorption gap. No similar spectral
dependencies for a-Si:H thin-film semiconductors have
been reported in the literature, to the authors’ best
knowledge, for direct comparisons with the spectrum of
Fig. 7. The increase in 7g(A) for A =720 nm is not en-
tirely understood at this time; however, it is associated
with the cusp in the PPE a(A) curve at the same wave-
length in Fig. 5. Figure 7 indicates that the PDS assump-
tion that 7g(A)=7g(Aguration) 18 Ot valid, and the fact
that 7g;(A) <1 throughout the spectral range of interest is
responsible for the lower effective absorption-coefficient
values calculated via PDS.

IV. DISCUSSION

The PPE optical-absorption-coefficient data of Fig. 5
may be understood largely in terms of amorphous Si
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FIG. 7. Nonradiative quantum efficiency spectrum of a-Si:H
thin film.

thin-film physics. Assuming a parabolic conduction-band
density-of-states approximation for nondirect optical
transitions (i.e., a constant dipole-interaction matrix ele-
ment), the behavior of the optical-absorption coefficient is
given by?’

alhv)<(hv—Eg)*/n(hv)hv , (32)

where E; is the characteristic energy of the distribution

of electronic states in bandlike regions (i.e., the optical

gap). Figure 8 shows the appropriately plotted data and
an estimated E;=1.7 eV from the intercept of the
(least-squares-fitted) straight line to the data. This value
of E; is well within the spread of previously reported
values:'® 1.6-1.7 eV.

The low-energy tail of the spectrum in Fig. 5 may also
be explained in terms of an exponential valence-band
density-of-states (Urbach tail) approximation:?

400

| I I I
1.5 1.7 1.9 2.1 23 2.5

PHOTON ENERGY (eV)

FIG. 8. Optical-absorption-coefficient PPE spectrum plotted
to illustrate the (ahv)!’2 dependence on hv.
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FIG. 9. Optical-absorption-coefficient PPE spectrum plotted
to illustrate the Ina dependence on Awv.

alhv)<exp(hv/E,) , (33)

where E, is the characteristic energy of the distribution
of electronic states in the tail-like region. Plotting the
PPES data as shown in Fig. 9 and calculating the slope,
one finds the value Ey=~41 meV. This value is also well
within the spread of previously reported values:'® 25-80
meV. The good agreement of the absorption-tail PPE-
signal-derived E, value with an Urbach-tail interpreta-
tion, i.e., a disorder-induced tailing off of defect states
into the optical gap,’® is consistent with the increase in
the nonradiative quantum efficiency in that region, Fig. 7:
the disordered nature of the subgap defect states in the
a-Si:H thin-film sample is expected to show enhanced
optical-to-thermal energy-conversion activity. Such de-
fects have previously been hypothesized to be the cause
of luminescence quenching.’! The direct 7g(A) evidence
provided in this work indicates, in agreement with this
hypothesis, that the preferred subgap deexcitation chan-
nel is increasingly nonradiative, at the expense of other
energy-transfer processes, such as the strong room-
temperature defect luminescence reported previously.?®
Clearly, more work is needed to fully understand the im-
plications of the subgap spectral dependence of 7g(A) in
Fig. 7. PPES appears to be a photothermal technique
capable of producing direct 1(A) spectra for the first time.
This capability is expected to be an important vehicle to
study in detail nonradiative deexcitation physics of amor-
phous semiconducting thin films.

V. CONCLUSIONS

In this work, PPES was shown to be capable of provid-
ing a-Si:H thin-film a(A) and n(A) spectra directly and
self-consistently from measurements at two modulation
frequencies (thermally thick and thermally thin limits).
Comparison of PPES a(A) spectra with conventional
PDS-obtained data showed that both techniques yield
high-quality results; however, PDS-extracted values tend
to be underestimates, due to nonunity values for 7(A).
Therefore, PPES appears to be very promising for amor-
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phous thin-film work. Its main advantages over conven-
tional PDS are (a) the absence of the solid-liquid inter-
face, which is an undesirable feature for the characteriza-
tion of optoelectronically active surfaces, and (b) the
direct spectroscopic measurement of the nonradiative
quantum efficiency, an important quantity for the quality
control and characterization of optoelectronic materials
and devices.
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