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Photoacoustic (PA) heat-transmission measurements were used to study transport in a nearly
intrinsic Ge single crystal. A theoretical model was developed which quantitatively describes ex-
cess carrier and thermal-wave space distributions, within the semiconductor under monochromatic
cw modulated excitation. The PA heat-transmission, reflection, and photothermal-beam-deflection
signals can be calculated using this model. It is shown that the frequency characteristic of the mea-
surement system can be eliminated using measurements on different thicknesses of the same sample.
It is also shown that both the normalized phase and amplitude spectra, as a function of the mod-
ulation frequency, can be used to determine the values of thé thermal diffusivity, the excess-carrier

lifetime, and the surface recombination velocity.

I. INTRODUCTION

Photoacoustic (PA) and photothermal effects have be-
come terms used to describe the generation of acoustic
waves and other thermoelastic effects in material under
light excitation. The material is usually irradiated by
a modulated light beam, which is then absorbed by the
sample and converted into heat. The heat diffuses to
the sample surface and then into the surrounding gas at-
mosphere of the photoacoustic cell. Finally, the thermal
expansion of the gas generates the photoacoustic signal.
Thus, the absorption of a modulated light beam at any
point in the sample results in a periodic localized heat-
ing of the medium. The heat energy is transmitted to
the surrounding matter by conduction and diffusion.

During the past few years various properties of semi-
conductors were intensively investigated, using PA signal
measurements.! 3 At the beginning only thermal diffu-
sivity of semiconductors was measured,? using PA signal
amplitude measurements as a function of the modulation
frequency. Fournier et al.5 extended the approach of pho-
tothermal deflection to investigate transport properties of
semiconductors which yielded the thermal diffusivity, the
electronic diffusivity, the excess-carrier lifetime, and the
surface recombination velocity and Pelzl et al.® report
time and spatially resolved investigation of transport in
semiconductors by the mirage effect. Then, more re-
cently, using photoacoustic phase measurements in heat-
transmission configuration, carrier transport properties
(carrier-diffusion coefficient, surface recombination ve-
locity and mean recombination time) together with the
thermal diffusivity of PbTe,” GaAs, and Si solar cells®
were investigated. In these papers the authors used the
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thermal piston model of Rosencwaig and Gersho (RG
model®). They calculated the PA signal at the rear sur-
face of the sample including the absorption process on
the front side and the mechanism of both surface and
bulk recombination and thermal diffusion.

In this paper an improved model of PA signal gener-
ation in semiconductors is developed. Expressions for
the distributions of the periodic parts of the thermal flux
due to three principal thermal sources (thermalization,
nonradiative surface, and bulk recombination) are ana-
lytically evaluated enabling calculation of the PA signal
amplitude and phase at the front and rear surfaces of the
sample. Theoretical results are compared with exper-
imental data, obtained with Ge single crystal samples,
and they are in good agreement.

II. THEORETICAL MODEL

A one-dimensional model (Fig. 1) which predicts the
PA amplitude and phase was developed allowing the de-
termination of both thermal and electronic transport
properties of intrinsic or near intrinsic semiconductors.
In this model the optical absorption coefficient is treated
as finite. In that case the absorption occurs through-
out the sample volume rather than just being a surface
absorption process. A one-dimensional treatment is suf-
ficient if one considers the case where the front face is
uniformly illuminated by a laser beam whose dimensions
are much larger than both the thermal diffusion and the
carrier-diffusion lengths. Under monochromatic light ex-
citation of the semiconductor, modulated at an angular
frequency w, the flux of photons penetrating to depth z
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FIG. 1. PA cell geometry for the heat-transmission config-
uration.

in the sample is given by
IO —ax jwt
I(z,w,t) = e Re [1 + 7], (1)

where Ij is the intensity of the incident light and « is the
optical absorption coefficient of the photoexcited semi-
conductor at the excitation wavelength.

It is assumed that the energy of the excitation beam E
is greater than the band gap energy of the semiconductor
E,. To evaluate the excess carrier distribution we made
the following assumptions: charge balance (i.e., the ex-
cess free electron density is equal to the excess free hole
density), the sample is uniformly doped so the gradients
and time derivates of n and p are simply equal to the gra-
dients and time derivates of dn and dp, and the carrier
lifetime is independent of the free carrier concentration
(Auger recombination will be neglected).

Under these assumptions, the carrier-diffusion equa-
tions are linear in both dn and dp, and therefore the
components of én and dp at a given temporal modu-
lation frequency w may be solved independently, using
the component of the incident radiation at the modula-
tion frequency w as the driving source of the photocarrier
generation. Here, the equation governing the photocar-
rier generation and diffusion at the modulation frequency
w in the semiconductor may be written in the form

d?én(zx) 1 aly _..
&~ 15® = ~3gp° @)
with the boundary conditions
pdln@), " sn(0),
i(onte) @
n
D—quhﬂz—%mm,

where Lp = /D7/(1 + jwT) is the complex mean diffu-

sion length of excess carriers, sg, sp are front and rear sur-
face recombination velocities, and 7 is the excess-carrier
lifetime within the bulk. In our experiments we have used
a lightly doped germanium sample (Ng ~ 10 cm ™3, p =
20 © cm), so we can assume that the ambipolar diffusion
coefficient of excess carriers is D = 2D,,D,,/(D,, + D,).*°

The general solution of Eq. (2) with boundary condi-
tions Eq. (3) is
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én(z) = K (Blem/LD + Bye™®/EP — e—am) , (4)

where
Io (o]
K= EDar= 1/L%°

_ (ng +1)(es — e Y/Ep — (ny — 1)(eg +1)e~
" (€g +1)(€p + 1)/ Lo — (e, — 1)(€p — 1)e—1/LD"’

(ng +1)(ep + 1)e/E2 — (my — 1) (eg — 1)e=
(g +1)(ep + 1)et/Lp — (e — 1)(€p — 1)e~t/Lp’

(5)

By

By =

and 75() = €g(5)@LD, €9(6) = D/Lp3g(s)-

The quantity €g(;) represents the ratio of the bulk dif-
fusion velocity (D/Lp) and the interfacial recombination
velocity (sg)). For a completely reflecting boundary
€g(b) = 00, an Ohmic contact is characterized by €g3) = 0
and € ~ 1 describes an interface which cannot be distin-
guished from a continuation of the bulk material.

The distribution of the periodic part of the thermal
flux © can be obtained by solving the following system
of differential equations:

d? 0, i =g,b
[E_Gz‘z] ei={ —Q(.’I:), ;:g (6)

where 0? = jw/Dr;, Dr; is the thermal diffusivity of
the layer 7, and s, g, and b denote “sample,” “gas,” and
“backing,” respectively.

The thermal sources in the sample, Q(z), may be re-
garded as due to three different processes, the first due to
the immediate thermalization (T') of carriers to the band
gap, the second due to nonradiative recombination (band
to band) of the photoexcited carriers that have diffused
into the semiconductor (NRR), and the third due to non-
radiative surface recombination (SR). The first two are
incorporated in the unhomogeneous part of the thermal
diffusion equation (6), and can be described as follows:

Q(z) = Qr(z) + Qnrr(®)
ol E—E, _., E
= ﬂ—ﬁ—ie + k:;_Sn(m), (7)

where k, is thermal conductivity. The third part Qsr is
incorporated in the boundary conditions:

©4(0) = ©,(0),

0,(l) = 0,(1), (8)
dOg(x dOg(z
- ks ;.'IE )lm=0 = —kgd—w()lmzo + Sgén(O)Egy
dO,(x dOy(x
k2D, P sn)E,.

The solution of the thermal diffusion equation (6) with
the boundary conditions (8) leads to the following ex-
pression for the distribution of the periodic part of the
thermal flux in the sample:

Os(z) = Or(z) + Onrr(z) + Osr(z) (9)
with



14 228 M. D. DRAMICANIN et al. 51
L E-E, a
Or(z) = 2k, E a?—o2
(g+7)(1=b)em D + (g+r)(1+b)e > + (b—r)e ' [(1 +g)e”® + (1 —gle *] .,
_e ,
(1+9)(1 +b)evs! — (1 = g)(1 —b)e~+
(10a)
Osn () 2E, s46n(0) {cosh{o,(xz — l)] — bsinh[os(z — I)]} + spén(l) [cosh(o,x) + gsinh(o, a:)] (10b)
) =
ST ko, (1+9)(1+b)ev~! — (1~ g)(1 — b)e!
_ KE, Cie%" 4+ Cre 7" 1 dn(z) r2-m? __.
Onrr(z) = kyTo? {(1 +9)(1+b)ews! — (1 —g)(1 —ble=os! m2—1 [ K T 2o1°¢ ’ (10¢)
with
Cy = (Va+gVi) (1 —b)e ' + (Va+bV2) (1 +g),
= (Va—gV1) (1 +b)e? ! + (Vi + bV2) (1 — g),
and
_ n(0)/K +1 1
Vi=- m2—1 +r2—1’
Vo — dn(l)/K + e ! _ e~
2 m2 — 1 r2 —1’
Ve — —m% [6n(1) — én(0) cosh(l/Lp)] — cosh(l/Lp) + e~ o
8 sinh({/Lp)(m? — 1) r2 —1’
Vi L [6n(l) cosh(l/Lp) — én(0)] — 1 + e~* cosh(l/Lp) 4 re—o
a=m sinh(l/Lp)(m? — 1) 721’
|
where g(b) = kgu)ogb)/ks0s, 7 = a/o,, and m = by
1/Lpos; T, NRR, and SR represent components of the !
sample temperature fluctuations at any point in the sam- §P = ip_oe_s(_)ejwt7 (11)
ple, respectively. Tolvos

Depending on the position of the microphone there
exists two possible detection configurations: the micro-
phone is at the front illuminated surface and at the rear,
opposite surface.

The well-known RG expression for the periodic part of
the thermal flux can be easily obtained from our theoret-
ical outcome if one substitutes z = 0 into Eq. (10a).

When the microphone is at the rear surface, as in our
experimental setup, and according to the thermal-piston
model of RG, the pressure fluctuation § P in the gas re-
gion, due to the periodic heating of the sample, is given

J

where Py (Tp) is the ambient pressure (temperature), [
the length of the gas chamber, o}, is the thermal diffusion
coefficient in the backing, in our case air, and ©,(l) is
the sample temperature fluctuation at the z = [ sample-
backing (gas) interface.

For the case of short-wavelength incident radiation,
as is the case in our experiment, we may assume that
exp(—al) ~ 0. If we also neglect the heat flow into the
surrounding gas, g = b ~ 0, Eq. (10a) can be written in
the following form:

E-E, I 1
= 12
©r(0) E  2k,0,sinh(o,l)’ (122)
D .
E, IhF 1 mysinh(l/Lp) — msy cosh(l/Lp) D
= 7 th(ogl) — — 3, 12b
Onrr(l) E kgtoZm? —1 { sinh(o,l) +msy coth(a1) Lp ( )
E, I,F Sg D . D Sb
=2 L [ — - L 12
Osel) = F %.0n {sinh(asl) Lp Cosh(/Lp) = sosioh(l/Lp) ) + 7m0 (12¢)
where
(13)

" (D/Lp +59)(D/Lp + sp)el/Ee — (D/Lp — s4)(D/Lp — sp)e- /v’
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Equations written in this form are much easier to dis-
cuss than in the full form Eq. (10a). The first terms in
both Egs. (12b) and (12c¢) present the thermal contribu-
tion to the recombination components, while the second
terms present the carrier transport contribution to the
recombination components.

At lower frequencies, the material is thermally thin and
the thermalization component is dominant, and conse-
quently the signal exhibits “pure” thermal wave behavior
in both the amplitude and phase, the frequency depen-
dence of the signal is governed by 1/0,0,sinh(o,l). In
this frequency region, as a consequence of 1/, > Lp, the
thermal contribution to the recombination components,
first terms in Eq. (12b) and Eq. (12c), is dominant. This
is the case up to those frequencies where the thermal
diffusion length is roughly five times the sample thick-
ness. For higher frequencies the sample becomes ther-
mally thick e=?*! ~ 0 and the first terms in these equa-
tions vanish. For these frequencies the carrier transport
contribution to the recombination components @sgr and
Ongrr becomes dominant, as the condition 1/0, < Lp is
fulfilled. These contributions were previously considered
in photothermal deflection technique by Fournier et al.’

III. EXPERIMENTAL RESULTS

The experiments were performed using a similar config-
uration to the so-called open-photoacoustic cell (OPC).
The main difference between the OPC configuration and
the one we used was that our sample was firmly pressed
to the sound inlet, which was a hole of d = 2 mm. In
the OPC configuration the sample was also mounted di-
rectly onto a circular electret microphone but it was fixed
only with vacuum grease. The construction of the cell
was very similar to that presented by Pinto Neto et al.”
The inner diameter of the cell was 10 mm and the dis-
tance between the back sample surface and the metalized
membrane was ~1.5 mm. The light source was a 15 mW
HeNe laser and a mechanical chopper was used for beam
modulation.

Measurements were made using n-type single crystals
with a specific resistivity of p ~ 20 €2 cm, at room tem-
perature. As one can see from the value of the specific
resistivity the sample was nearly intrinsic. To investi-
gate the influence of the surface recombination the sam-
ple surfaces were specially prepared. The sample surface
in contact with air in the PA chamber, opposite to the
illuminated surface, was highly polished. This mirror-
like polished surface finish was obtained by a sequence of
mechanical polishing procedures. Ge samples of differ-
ent thicknesses were obtained by thinning the roughened
side of the starting sample. The thickness of the starting
sample was d; = 1000 pym and it was thinned down to
dy = 910 pm and d3 = 770 pm. In all three measure-
ments the polished side was in contact with the air of the
PA chamber.

The PA amplitude and phase as a function of the mod-
ulation frequency, for all three thicknesses, are shown in
Figs. 2 and 3, respectively. As we decrease the sam-
ple thickness the minimum in the PA phase moved to
higher frequencies, from 250 Hz for the 1000 ym to 370
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FIG. 2. Experimental PA signal amplitude vs modulation
frequency for three sample thicknesses: 1000 (triangles), 910
(circles), and 710 pm (squares).

Hz for the 770 pm thickness. Similarly for the break-
ing frequency (f.), the frequency at which the ampli-
tude changed its slope from exp(—a+/f)/f to f~¥, where
a = dy/m/Dr and v =1-2, altered from 250 Hz for the
1000 pm to 370 Hz for the 770 pm thick sample. As the
sample was made thinner it became thermally thick at
higher frequencies and the recombination component, ei-
ther bulk or surface, became dominant. The place of the
minimum in the phase was roughly at those frequencies
where the sample thermal diffusion length (D /7 f)'/2
became five times smaller than the sample thickness. For
frequencies smaller than the breaking frequency f. the
thermal component was dominant — the slope of the
amplitude was exp(—a+/f)/f and the phase slope was
—a+/f. For frequencies higher than f. the recombina-
tion component became dominant and the slope of the
amplitude changed to f~1-95,

300 v 4
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FIG. 3. Experimental PA signal phase angle vs modulation
frequency for three Ge sample thicknesses: 1000 (triangles),
910 (circles), and 710 pm (squares).
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IV. DISCUSSION

The PA signal, measured by a lock-in amplifier, can be
presented as a vector rotating in a complex plain:

S(w) = Fr(w)éP(w), (14)

where Fr(w) represents the complex frequency charac-
teristics of the whole measuring system (chopper, PA
cell with the influence of the microphone, lock-in, etc.);
§P(w) is the complex preasure variation Eq. (11).

In most PA measurements with the conventional PA
cell, where the microphone is at the front illuminated
surface of the sample, one can use carbon black to nor-
malize the measured signal, because carbon black is an
excellent absorber and thermally thin, so the PA am-
plitude and phase are saturated and independent of the
optical and thermal characteristics of the sample. In our
detection configuration such normalization is not possi-
ble. To eliminate the influence of the measuring system
we had to normalize our signal in a different way. We
used PA measurements of the same sample at two differ-
ent thicknesses. Using Egs. (9), and (11) the signal ratio
for two different thicknesses can be presented as

S1 6Py 0,(l)
R12 = 5 = 5—[?2 = @s(lz)
= ‘g_:g:_;} exp {j[ds(l1) — ds(l2)]} = Ae?D®  (15)

where ¢5(l1) and ¢,(l3) are the phase angles of the
measured PA signal for two thicknesses l; and [, re-
spectively, Ar is the ratio of the PA amplitudes, and
A¢ = ¢s(l1) — ¢s(l2) the phase difference.

As one can see, this ratio is a function only of the
sample thermal, optical, and transport parameters and
it is independent of the detecting system characteristic
(microphone, PA cell, lock-in, chopper, etc.). Using our

Ampl. Ratio

T T
10 100 1000

f [Hz]
FIG. 4. PA amplitude ratio for two Ge sample thicknesses,
l; = 1000 pm and Il = 770 pm, as a function of the modula-
tion frequency. In both measurements the polished side was

in contact with the PA chamber. The solid line represents
data fitting Eqgs. (9) and (15).
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FIG. 5. PA amplitude ratio for two Ge sample thicknesses,
l; =910 pm and l; = 770 pm, as a function of the modulation
frequency. In both measurements the polished side was in
contact with the PA chamber. The solid line represents data
fitting Egs. (9) and (15).

theoretical outcome and this kind of normalization, it
was possible to investigate both thermal and electronic
transport properties of a Ge single crystal.

In Figs. 4 and 5 we show the PA amplitude ratio
(squares) for the Ge sample as a function of the mod-
ulation frequency for the case of a 1000 um thick sample
normalized with a 770 um thick sample and a 910 um
thick sample normalized with a 770 um thick sample. In
both cases the sample surface in contact with air in the
PA chamber, opposite to the illuminated surface, was
highly, mirrorlike polished and the illuminated surface
was roughened. In the frequency region where the ther-
malization component is dominant, up to ~ 200 Hz, the
slope of the amplitude ratio is approximately given by

exp [-— (L - lz)\/ﬂ'f/DT] . This kind of slope can be pre-
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FIG. 6. PA phase angle difference A¢ for two Ge sample
thicknesses, [; = 1000 pm and I3 = 770 pm, as a function of
the modulation frequency. In both measurements the polished
side was in contact with the PA chamber. The solid line
represents data fitting Egs. (9) and (15).
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FIG. 7. PA phase angle difference A¢ for two Ge sample
thicknesses, I = 1000 gm and l; = 770 pm, as a function of
the modulation frequency. In both measurements the polished
side was in contact with the PA chamber. The solid line
represents data fitting Eqgs. (9) and (15).

dicted using the RG (Ref. 9) theory with an instanta-
neous heat source. For frequencies higher than ~ 800 Hz
the amplitude ratio is in the saturation region. In this
frequency region recombination components (nonradia-
tive bulk and surface recombinations) are dominant and
the amplitudes of all three components, for thicknesses
of 1000 pm, 910 pm, and 770 pm, have the same slope
and the ratio is constant.

In Figs. 6 and 7 we show the PA phase difference A¢
(circles) for the Ge sample as a function of the modula-
tion frequency for the previous measurements. In the
frequency region up to ~ 100 Hz A¢ corresponds to
—(ly = l2)s/7f/Dr.

Using Egs. (9) and (15) together with the value of D
for Ge (D=44 cm?/s was calculated from the value of
the Hall mobility using the Einstein relation D) =
tn(p)kBT /€), we have fitted the PA phase and amplitude
data for both ratios, 1000 versus 770 pm and 910 ver-
sus 770 pm, in the complete frequency range. In Figs.
4 and 5 the solid line represents the best fit to the data
of Egs. (9) and (15), using the calculated value for D,
leaving Dr, 7, and s, as fitting parameters. Similarly,
in Figs. 6 and 7 we present, with the solid line, the best
fit to the phase angle of Egs. (9) and (15). In Table I
the values found for adjustable parameters, Dr, sp, and
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7 are summarized for two ratios and both amplitude and
phase, together with the minimum fitting steps. The er-
ror estimates were calculated using the method presented
in Ref. 11 Chaps. 10 and 14, and they are also presented
in Table I. The values obtained for the thermal diffusiv-
ity, as shown in Table I, are in very good agreement for
all four fitting procedures with the literature value'? of
0.37 cm? /s for Ge. All four values obtained for the relax-
ation time are very close to each other and agree quite
well with the literature value for that doping concentra-
tion (Ref. 13) which is ~ 20 us. Finally, we note that the
values obtained for the surface recombination velocity on
the back side of the sample are expected for surfaces pre-
pared as mentioned in Sec. III. One can see that for all
obtained parameters the error estimates associated with
these measurements bring the data into agreement for
two sample thickness ratios.

To investigate the influence of each component we have
plotted all three components, T, NRR and SR, together
with their total. The values for 7, D, D, and s, were
used from Table I. In Fig. 8 the full line represents the
total PA signal amplitude and the dotted, dashed, and
dotted-dashed lines represent bulk recombination, sur-
face recombination, and thermalization components of
the PA signal amplitude. One can see that three gen-
eral regimes exist: the first for frequencies up to 200 Hz
where the thermal component is dominant and the am-
plitude has an exponential slope. The second regime is
dominated by carrier transport behavior, in our particu-
lar case the surface recombination component of the back
side [second term in Eq. (12c)]. These two regimes are
most clearly seen at low and high modulation frequen-
cies, respectively. The third domain is for intermediate
frequencies, where there is a complex interaction that is
highly sensitive to the excess carrier lifetime and surface
recombination velocities.

V. CONCLUSION

In this paper we have carried out a modulation fre-
quency investigation of the PA signal, in the heat-
transmission configuration, of Ge single crystals. A one-
dimensional model which predicts the PA amplitude and
phase was developed allowing the determination of both
thermal and electronic transport properties of intrinsic or
near intrinsic semiconductors for heat-transmission and
heat-reflection configuration, and with small modifica-

TABLE I. The Ge single crystal transport parameters.

Thermal Surface recombination Relaxation
Ratio Fitted diffusivity velocity time
(pm/pm) (phase or amplitude) (cm?/s) (cm/s) (ps)

Tolerance 0.005 10 0.1

910/770 Amplitude 0.395 + 0.020 1070 £ 70 19.84+ 1.5
910/770 Phase 0.390 + 0.015 1020 £ 50 20.5+1.0
1000/770 Amplitude 0.385 & 0.020 960 £ 70 19.8+ 1.5
1000/770 Phase 0.370 + 0.015 940 + 50 19.8 +1.0
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FIG. 8. Theoretical PA signal amplitude vs modulation fre-
quency (solid line) and thermalization (dot-dashed line), and
nonradiative bulk recombination (dotted line) and nonradia-
tive surface recombination (dashed line) components calcu-
lated using average parameters from Table I for sample thick-
ness [ = 1000 pm.

tions for the photobeam deflection technique. The optical
absorption coefficient was treated as finite, which caused
the absorption through the sample volume rather than
just the surface absorption process. Then, it is possible
to use these relations for analyzing thin films deposited
on a transparent substrate, because although F, > FE

M. D. DRAMICANIN et al. 51

and the absorption coefficient is high, due to the small
film thickness the condition exp(—o,l) is not fulfilled.
To eliminate the influence of the frequency characteristic
of the measuring system we have normalized our signal
with a sample measured at different thicknesses. From
both the phase and amplitude signals, as a function of
the modulation frequency, in the complete frequency re-
gion the room-temperature values of important semicon-
ductor parameters such as surface recombination velocity
and the nonradiative recombination time were obtained
quantitatively.

Finally, with the simple heat-transmission configura-
tion we have demonstrated the usefulness of both ampli-
tude and phase data to obtain both transport and ther-
mal parameters of semiconductors and we have suggested
a method to eliminate the frequency characteristic of the
measuring system which can lead to errors in the deter-
mination of the measured parameters.
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FIG. 1. PA cell geometry for the heat-transmission config-
uration.



