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STUDY OF THE PHOTOACOUSTIC EFFECT IN SEMICONDUCTORS.
EFFECT OF AN APPLIED DC- ELECTRIC FIELD.

1.N. Bandeira, H. Closs, C.C. Ghizoni*
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
Instituto de Pesquisas Espacilais
12200 - S.J. dos Campos, SP, Brazil

ABSTRACT
The photoacustic spectroscopy of semiconductors is considered
through a phenomenological approach, emphasizing carrier diffusion
effects, enhanced by an applied electric field. Experimertal
results support the proposed model, and lead to the determination
of various important semiconductor parameters.

INTRODUCTION

The production of a photoacustic (P.A.) signal in semiconduc-—
tors involves intraband transitions of carriers phetoexcited in
the bulk, nonradiative bulk recombination, and nonradiative
surface recombination of carriers generated within a diffusion
lenght from the surface.

When optical absorption coefficients are high, heating is
basically provided by surface recombination of excess carriers
which are generated very close to the illuminated surface of the
sample, so that transport properties of carriers are not relevant
in describing the P.A. signal. In contrast to this case, carrier
diffusion effects can play an important role in describing the
production of the P.A. signal when optical absorption is low since
a substantial fraction of photoexcited carriers is then generated
in the bulk. However, the decrease in the P.A. signal which follows

from the low light absorption prevents observation of diffusion



effects, and standard P.A. spectra of semiconductors are known to
follow closely their optical spectra.

In order to enhance carrier diffusion effects at low absorption
levels, a DC- electric field transverse to the light path can be
applied to accelerate the charges generated, and thereby Joule-heat
the sample. This is a clear bulk effect as opposed to the purely
photoacustic case where the surface plays the most important role
in transfering thermal energy to the molecules of the gas filling
up the cell.

It is the aim of this work to formulate a phenomenological
approach to the P.A. effect in semiconductors including the effect
of an applied DC- electric field which enhances the P.A. signal at
wavelengths for which the absorption coefficient is low. The
special features arising from this situation would allow the
determination of important transport and optical parameters of
semiconductors, such as recombination rates, surface recombination

velocities and optical absorption coefficients at longwavelengths.

METHOD
The equations needed to describe the physical phenomenon are

the thermal and charge diffusion equations. For the geometry of

Figure 1, and following the notation of previous works(l’z), the
equations
3%¢(x,t) _ 1 3¢(a,t) _ p(x,t) ot
ox? %s ot Ks
32 t t t
D n(x,t) _ n(x,t) _ dn(x,t) _ _ 2 (x,t) (2)

ax? T at

describe the production of a temperature fluctuation ¢(x,t) in the
sample. In (1), p(x,t) is the heat power density produced at a
point X inside the sample, o is the thermal diffusivity of the
sample and Ks its thermal conductivity. In equation (2), n(x,t) is

the density of photoexcited carriers, D and T are, respectively,



the diffusion constant and recombination time of the photoexcited
carriers. The generation term g(x,t) is given in terms of the
light intensity I(x,t) at the position X inside the sample as
g(x,t) = ni/hc. 9I(x,t)/9x, with N being the quantum efficiency,
A the wavelength, h and ¢ the Planck constant and the speed of
the light, respectively. For a sinusoidally chopped monochromatic
light beam incident in the semiconductor with an absorption

coefficient R, the generation term assumes the form

nAR I wt

2he "o

e(x,t) = BX (14 &1UEy 3)

with w being the chopper angular frequency.

The heat density p(x,t) produced at any point x inside the
sample is made up of various contributions, which are shown
schematically in Figure 2. The different processes considered
in the heat generatation are:

1) Nonradiative thermalization of electrons with energy greater

than Eg
The heat power density is given as
hv-E
-0 0. — (4)
IB

where ni(x,t) is the steady-state excess carrier concentration
obtained from equation (2) neglecting diffusion effects, once the

. —12
intraband relaxation time, T 1s small (~10 sec.).

IB’
2) Joule heating

During a lifetime (TBB) in the conduction band, photoexcited
electrons are accelerated by the external electric field applied
perpendicularly to the diffusion direction. The heat density is

therefore

d—Q_=

2
o nd(x,t) eu E*, (5

where e, M and E are, respectively, the electron charge, the



mobility and the applied electric field; nd(x,t) is the steady-
-state population of photoexcited carriers taking into account the
diffusion processes. As the mobility of holes is very low compared

to that of electrons, their Joule contribution is neglected.

3) Nonradiative bulk recombination:
After a diffusion length L = VDTBB , excess electron-hole

pairs recombine in the bulk, generating a heat power density given

by

. Eg/T . nd(x,t) (6)

BB

where Ny is the fraction of the total energy Eg which is given up
nonradiatively. This contribution exists only for photons with

energy hv greater than the band gap energy E

4) Nonradiative surface recombination:
Excess carriers generated within a diffusion length (¢DTB;)
from the surfaces recombine nonradiatively giving up a heat power

density to the sample equal to
Qon VB 066 + ud&x+L)] n,(x,t) (7)
S g t 2 s a7’

where ns is the fraction of Eg converted into heat and u; and u,

are the surface recombination velocities at x=0 and x==—£s,

respectively. Finally, 8(x) is the Dirac's delta function.
Adding up the terms given in the expression (4) and (7), the

heat power density of equation (1) is finally written as,

hv-E
p(x,t) = & ni(x,t) +
T
E
2
{e“n E%+ny :f—i—B * g EgEu@(X)+uz<5(x+Ks)] }nd (x,t) (8)

The population ni(x,t) is obtained immediately as ni(x,t)=TIBg(x,t).



In order to obtain nd(x,t), it is neccssary to solve equation (2)
subject to the boundary conditions imposed by the geometry of
Figure 1. Surface recombination of excess carriers introduces
discontinuities in the heat fluxes at the surfaces, which must
be taken into account when solving equation (1) for ¢(x,t).

Solutions to equation (1) and (2) are obtained in a tedious
but straightforward way. The pressure fluctuation inside the
P.A. cell is obtained from ¢(x%,t) as in reference 1, and is
presented in the appendix. To account for the finite linewidth
of the light source, the final expression should be averaged over
the monochromator spectral bandwidth, a procedure which has not
been attempted in this paper.

A sample of Cadmium Sulfide, 5x5 mm by 1 mm thick was
chosen to verify the present model. Indium electrodes were
evaporated as shown in Figure 1, and the sample was placed in a
Photoacoustic Cell with a transparent support in order to allow
transmission measurements. The light from a 1 kW xenon-lamp was
chopped and focussed into the entrance slit of a monochromator.
The monochromator light was focussed into the P.A. cell and the
light transmitted throughout the sample measured by a pyroelectric
detector. The experimental set—up is presented schematically in
Figure 3. With this arrangement, the P.A. signal with or without
a DC- electric field, and the transmission coefficient were
measured simultaneously. The current flowing in the sample was

also monitored.

RESULTS
With the experimental set-up described in last section,
photoacoustic spectra of a CdS sample were obtained for various
values of the applied voltage and chopper frequency (Figures 5
and 6). As an effect of carrier diffusion, the P.A. signal
exhibits a peak whose intensity increases with increasing electric

field. This maximum in the P.A. signal occurs at a wavelength for



which the absorption coefficient (8) is very close to the inverse
of the carrier diffusion length (L) of the semiconducting sample.
As the chopping frequency increases, approaching the carrier
diffusion rate, the peak in the P.A. spectrum decreases relative-
ly to the signal at high optical absorption wavelengths. The
behaviours stated above can be explained by the fact that
carriers generated within a diffusion length from the illuminated
surface of the sample are less accelerated by the applied electric
field, as surface recombination lowers their effective lifetime
proportionally to their proximity to the surface; Joule heating
is then negligible at high optical absorption coefficients. The
effective lifetime becomes maximum for excess carriers which are
generated at a depth equal or greater than L, so that for B_1>L

a further decrease in B only decreases the total number of
photoexcited carriers. Also the peak intensity is expected to
decrease sharply with increasing chopping frequency, as less
diffusion takes place before the light is turned off. The
transmitted light (T), measured with a pyroelectric detector, did
not change with the applied electric field. It is presented in
Figure 4 together with the absorption coefficient (B). Values of
3 for wavelengths up to A =520 nm were taken from the literatu-
re(g) while those of low light absorption (A > 520 nm) were
adjusted so that the theoretical curves fit the experimental

results.

DISCUSSION
The agreement between the experimental results and the
theoretical results predicted by the model, is quite apparent
from Figures 5, 6 and 7,8. The experimental spectrum present
a peak broader than the theoretical one, due to the finite line-
width of the light source which was not taken into account. The
enhancement of the P.A. signal at the region of low absorption

allows the determination of important parameters of semiconduc-—



tors. One important parameter is the absorption coefficient (B)
at wavelengths (A) greater than the wavelength corresponding to
the band gap. The absorption in this region is usually very low
and consequently difficult to measure by conventional ways. As
an example, the absorption ccefficient (B) for wavelengths
greater than A =520 nm was roughly obtained by adjusting the
theoretical P.A. spectrum to the experimental results (Figure 4).
The determination of low absorption coefficients in semiconduc—
tors is one of the potential applications of the method just
presented.

The presence of a well defined peak in the P.A. spectrum
suggests a simple way to determine the carrier diffusion length.
The maximum of the P.A. signal occurs for a B very close to the
inverse of the diffusion length. This can be seen in the final
expression for the P.A. signal (Appendix) by considering an
expansion in Baround 1/L. The value of B which maximizes the
P.A. signal is calculated to be, approximately
N Tl: (1+ (w.TBB)Zjl/“ (9)

For the case of CdS, with a chopper frequency of w= 27 x 20
rad/s, the peak occurs at a wavelenght Ax523 nm (B =30 cm_l). I
this case Wl pp << 1 and the carrier diffusion length is calculated
to be L = 0.03 cm. The peak for a chopper frequency of 2w x 350
rad/s occurs at a wavelength A =521 nm (8= 50 cm~l) and, with
these values, the carrier diffusion lifetime is calculated to be
TBlexlo_asec.

The calculations described above are examples of the poten-

tiality of the method in estimating parameters of semiconductor

samples.

*Present address: EAV-IAE, Centro Tecnico Aeroespacial

12200 S.J. dos Campos, SP, Brazil
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APPENDIX
When equation (2) is solved with the boundary conditions

J X,t
D_Edf___j_ = - u, nd(o,t)

3x x=0

and

Snd(x,t)

p—-— =up; n, (=£ ,t)
d s

ox

x=—{
S

the AC component of nd(x,t) 1s obtained as

nNABt.. .. I 1wt p

. _ BB o e X_ i R
nd(x,t) = T he e A|B) cosh (mx) +

L*(m?-8%)

-

B, sinh(mx);

3

L
")
where

U1+BD

m2D2 +ujuz + mD(up +uz)coth (m ZS)

[os]
—
|

mD coth (mﬁs) +uy + mDF,

{wse]
NS
i}

3

mD+ u; coth(nlﬂs)-ulF

e_BCS(Uz - BD)
(u: + FD) sinh(nlﬂs)

and

m =v1+ iwaEVL

In solving equation (1), we have used the same boundary
conditions of reference 1, except for the discontinuities introduced
in the heat flux at the gas-semiconductor and semiconductor-
-backing interfaces, due to the heat generated by surface

recombination of excess carrilers:



2a¢y
a T‘()\)t)=o(x) C(X) a¢(x,t) -
Ix? ot

K(x)

RO NCRD [6Ga +8(x+2)]

here K(x), p(x), C(x) and u(x) are respectively the thermal
conductivity, mass density, specific heat and surface recombination

velocity at the points x=0 and x=—€s;
H=1 if 'm),>}:1g and H=0 if hv< Eg.

The final expression for the complex pressure fluctuation in

the cell was then obtalned as

YP I nAB i(wt - /4) (hv-E )H
§P(t) = 02 - { el
5 , . 2 _ 2
222 Toksﬂgaghc R 1*—1wTIB R o
2 .
X MR VR TRE sy J+ Nk HTpp " }
LZ(mZ_BZ) LBZ _cz mz_cz LZ(mZ_BZ)
where
R=(g+1)(b+1)e%s — (g-1) (b -1)e 5%,
S=(b+ l)(r—l)eoszs- b-1)(r+ l)e_oszs—2(b—-r)e“B£S ,
Yoa {<b+ 1) (tB; —Bl)eOS'KS - (b-1)(tB, +Bl)e_"sjZS +

+ (b'+t)(Bl"Bz)em£S + (b -t)(Bz*'Bl)e_m£S } )

W= Ol {ul I(b+ 1)eOS£S~' (b —1)e—°s£s 1- 2 u2e_8£s +
o e _

+ Alluz{(Bx - Bz)emzs + (B1 + Bz)edmLs }_UlBl{(b"" l)e-GS['S -
L

~ (b-1)e sts ﬂ}
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and

- = +'
G as(l 1)
a.=(w/2a)¥, i=g, s, b
1 1
Tr=

B/o,
t =m/c

S
where r, Po; To’ g, s and b have the same meaning as in reference l.

The theoretical curves in Figures 7 and 8 were obtained
using the following parameters:
a- Thermal parameters

a_ =0.153 o =0.247 o, =0.012
] g b

K =0.272 K =0.00026 K, =0.063
s g b

where a. (in cm?/sec) is the thermal diffusivity and Ki(in W/em.K)
1s the thermal conductivity. The subscript i refers to the medium:

s for solid (CdS); g for gas (air); b for backing (lucite).

b - Transport parameters

. Diffusion constant

2D D
n

D*=D + D = 2D =1.0 cm?/sec
p 1 P

1
wvhere Dp (holes) = 0.5 cm”/sec and Dn (electrons) = 9.0 cm?/sec.
Surface recombination velocity
uy =u; = 10"cm/s (front and back surface)
Lifetimes

-3
IIB=10 sec, TBB=10 sec.

. Process efficiencies

nS=IIB=1
where S and B refer to surface and bulk respectively.
. Electron mobility

pn==350 em?/V.sec.
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CAPTTONS:

1: CdS sample with indium contacts subjected to radiation
and electric field.

2: Heat genération processes in semiconductor photoacustics
(sce text).

3: Experimental set-up for measurements of P.A. signal.

4: Optical absorption (B) and transmission (T) curves of
CdS sample. B full curve is from reference 3 and dotted
is predicted by the present model.

5: Experimental results of CdS sample for various values
of electric fields with a chopped frequency of 20 Hz.

6: Experimental results of CdS sample for two values of
chopper frequency and a fixed 16 V/cm electric field
applied.

7: Theoretical curves for CdS with various applied electric
fields and a frequency of 20 Hz. For the other parame-
ters used see appendix.

8: Theoretical curves of CdS for two frequencies. The

electrical field is 16 V/cm and the other parameters
used are in the appendix.
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