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Abstract. We report a photoacoustic (PA) study of the thermal and
transport properties of a GaAs epitaxial layer doped with Si at varying
doping concentration, grown on GaAs substrate by molecular beam ep-
itaxy. The data are analyzed on the basis of Rosencwaig and Gersho’s
theory of the PA effect. The amplitude of the PA signal gives information
about various heat generation mechanisms in semiconductors. The ex-
perimental data obtained from the measurement of the PA signal as 3
function of modulation frequency in a heat transmission configuration
were fitted with the phase of PA signal obtained from the theoretica
model evaluated by considering four parameters—viz., thermal diffusiv-
ity, diffusion coefficient, nonradiative recombination time, and surface
recombination velocity—as adjustable parameters It is seen from the
. analysis that the photoacoustic technique is sensitive to the changes in

“the surface states depend on the doping concentration. The study dem

onstrates the effectiveness of the photoacoustic technique as a noniwa-

sive.and nondestructive method to measure and evaluate the thema

nd fransport properties of epitaxial layers. © 2003 Sodiety of Photo-Optesdl
mm:entanon Engineers. [DO 10.1117/1.1564101)]

Sul%kd terms photoacoustics; semiconductors; thermal and transpost propes-
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1 Introduction

In recent years, the laser-induced photoacoustic (PA) tech-
nique has been effectively employed to characterize semi-
conductor materials because of its versatility as a nonde-
structive and noninvasive method for the evaluation of
material parameters.'™!® All the photothermal methods are
based on the detection, by one means or other, of thermal
waves generated in the sample after excitation with modu-
lated optical radiation. In the simple and elegant PA tech-
nique these thermal waves produce density fluctuations in
the specimen and the surrounding medium, which can be
detected either by a sensitive microphone or by a piczoelec-
tric transducer.

In the past, much work has been done in the character-
ization of both direct- and indirect-bandgap semiconductors
using the PA technique.’~’ A detailed discussion of the con-
tribution of various factors to the thermal flux in semicon-
ductors under periodic optical excitation is given by Pinto
Neto et al.% Dramicanin et al.” gave an analytical solution
for various factors contributing to heat generation in semi-
conductors that has resulted in a major renaissance in the
application of the PA effect to the characterization of trans-
port properties of semiconductors. However, not much
work has been done to study the influence of doping con-
centration on the thermal and transport properties of epi-
taxially grown semiconductor layers. Some of the recent
investigations show that doping can definitely influence the
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therm _dxﬁ'1;§1v1ty and surface recombination velocity of
compourid semiconductors.’!?

In mlgpape%f present the results of our PA measur¢-
ments on an ial layer of GaAs doped with different
concentratior’ of Si%grown on a GaAs substrate by molec-
lar beam epitaxy (M E). Amplitude of the PA signal gives
a clear picture o ey various heat generation mechanisms
in semiconductors. The'p phase of the PA signal is fitted with
the theoretical model by gikmg the thermal diffusivity, dif
fusion coefficient, surfacc recombmatxon velocity, and noz-
radiative recombination timeé 3s.adjustable parameters 1o
solve the heat diffusion equal;o .

2 Experimental Setup

A schematic representation of the open photoacoustic cel
(OPC) used here is given in Fig. 1. Optical radiation from
an argon ion laser at 488 nm (Liconix 5000) is used as the
source of excitation, which is intensity-modulated using s
mechanical chopper (Stanford Research Systems SR 540}
before it reaches the sample surface. Detection of the PA
signal in the cavity is made using a sensitive electret m-
crophone (Knowles BT 1754). Details of the PA cell i
explained elsewhere.! The cell has flat response in the fie
quency range 40 to 4000 Hz. The phase of the photoacous-
tic signal is measured using a dual-phase digital lockin
amplifier (Stanford Research Systems SR 830), which &
highly sensitive and can read a change of 0.01 deg in phase

angle, which cormresponds to a very a small variation i
724

© 2003 Society of Photo-Optical Instrumentation Engineers 1



George et al.: Photoacoustic study . . .

Incident Chopped
Radiation

—
—
-—

Gas

g e fixed on the OPC using vacutfm pase at the

ad the illumination by periodically“m light
w the exposed portion of the sampleg™, kS

& amples used for the present mvesngauon are Sl-

o 10.25, 3, and 2 um, and the respective c
metions are 2 X 10, 2 10'6, and 2 10'® ¢m™

Meoretical Background

pport properties of Ge-doped GaAs epitaxial layers

drady been treated using the monolayer
mmation.'” The differences between the two-layer ap-
mion and the monclayer method for photothermal
pen's are apparent only at high frequencies,! viz., in
ksdreds of kilohertz. Hence our semiconductor
4 ¢an be explained i in terms of thermal piston model

wicwaig and Gersho,'® according to which, the pres-
Bctuntions in the PA cell due 10 periodic heating of
----- ple-are given by

—

Tﬂ’sagEI ) (1

bt/ (Ty) is the ambient pressure (temperature), 7, is
hglhofthe gas chamber, o,=(1+j)a,, where a,
i) = 1, , with g1, the t.hermal dlffusion length
: gaswnh thermal diffusivity a,, and © the sample
e fluctuation at the sample-gas interface (x
f.Alo, 0=27f, where fis the modulation frequency.
i remaining sections we are considering the PA cell
ptry for the heat transmission configuration shown
mxically in Fig. 1. The temperature fluctuation & can
duined from the solution of the thermal diffusion equa-
fven by

T AT Qlx,i)
‘ a, ot k,

@

wa, (k,) is the sample thermal diffusivity (conductiv-
.ed Qx,r) is the heat power density generated in the
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sample due to absorption of the intensity-modulated laser
radiation. In semiconductors, if the incident energy is
greater than the bandgap of the semiconductor, then ther-
mal power density O(x,t) mainly arises from three differ-
ent processes.

1. The thermalization component arises from fast non-
radiative intraband transitions in the conduction band
of semiconductors. This occurs mainly due to the
electron-phonon interaction, which happens typically
on the time scale of picoseconds. Hence this process
can be taken as instantaneous for the modulation fre-
quencies usually used in the photoacoustic experi-
ment. The heat power density due to this process is
denoted by

—E,)

Qp=—7>

= lpexpl A+ &,

3)
where f is the optical absorption coefficient for pho-
tons having energy E, incident at x=—/; with an
intensity J, (W/em?).

2. The second component is due to the recombination of
the photoexcited carriers in the bulk of the material
after they travel a finite distance (D 7)'2, where D is
the carrier diffusion coefficient and 7 is the recombi-
nation time. The heat power density due to nonradi-

&, ative bulk recombination is given by
% 5
5
e E,
@ﬁﬁﬁﬁgm—jn(x,t), 7))

z n(x,1) is the density of the photoexcited car-
d;;g;f -f,.a;h

3. Th r(i?‘fuadlanve recombination of the photoexcited
carriérs 4 afithe surface of the material also contributes
to the tgfal heag power density, and it is given by

5)

ot & recombination velocity at the
heating surface ‘apd’v is the surface recombination

velocity at the sam%@gns interface at x =0.

From the above analysis, ixs cbvlous that the solution
to Eq. (2) depends on the den toexcited carriers,
which obeys the carrier dlffusmn@}u@lén namely,

#n n 1
exp(x+1 Ye™ —vn(x,1)5(x)

ol
—von(—1;,1)8(x+1,).

an p—
pult
)

For 488-nm radiation from an argon ion laser we can
assume that all the incident radiation is absorbed at the x
= —1, surface, so that we can replace 8/, exp[B(x+/.)] in
Eqs. (3) and (6) by /4(x +1,). Since the thermal conductiv-
ity of the surrounding air is very small, we neglect the
diffusion of heat into it. Then the solution of the coupled
equations (2) and (6) leads to the expression for pressure
%usctuations for the thermally thick sample as
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_ 2810P0 E— 1 1 )

T Tolgo k.o, exp(—L;0;
Fo, 1 + vT 7
Dyr\oT—7 ")/ (

where o, =(1+j)a,, a,=(mfla,)'?=(1/p,) with u, the
thermal diffusion length of the sample, y=[(1
+jwr)/D7]"? is the carrier diffusion coefficient, &
=E,lhv, r=v/D7y, ro=vy/DYy, and

1
T (1Hr( e (1

®

In the experimental frequency range fised here, @7<1, so
that F, r, ry become real conslaa ndepcndenl of the
modulation frequency. It is reportéd. b}' gto Neto et al.®
that the OPC SIgnal for a semiconductor sa;n le in the ther-
mally thick region is essentially determﬁcd by Ronradiative
recombination. Thus the expression for t.hs: ure fluc-
tuation in the experimental frequency rangd” %hkch wT

<1 is given by
( 1 v‘r)
7 7+ —]|,
os_y 08

2e f oP ()F
and the phase of the OPC signal is given by

sP=

Tolgk,Dyro,

d="+Ad
-7 140,

where

(aDiv)(wrg+1)
(aD/v)(1— w7 —1 —(wTeg)®

tanAd= (11)

with T.g=1(D/a)—1].

We took the thermal diffusivity, diffusion coefficient,
surface recombination velocity, and relaxation time as ad-
justable parameters, and then we fitted the variable part of
Eq. (10) to the experimentally obtained phase angle Ad.

4 Resuits and Discussion

Log-log plots of the amplitude of the PA signal against
chopping frequency for the samples under investigation are
given in Fig. 2. The three different heat generation mecha-
nisms are evident from the figure. In the low chopping-
frequency range, thermalization is the dominating process
in heat generation, followed by bulk and surface recombi-
nation of photoexcited carriers, respectively. Figure 3
shows the best theoretical fit to the experimentally obtained
phase of the photoacoustic signal. The values obtained as
the best fitting parameters for the theoretical model is given
in Table 1. The fitting program follows essentially the least-
squares method developed using MATLAB. The fitting
analysis resulted in the following accuracy of the fitted pa-
rameters: thermal diffusivity +2%, diffusion coefficient *
5%, nonradiative recombination time *3%, and surface re-
combination velocity +8%. It is seen from the figure that
there is a minimum in the phase plot of all the specimens
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Fig. 2 Log-log plot of PA amplitude against chopping frequency.

under investigation. Many authors have attributed this
change in shape as due to the change in heat generation
mechanism in semiconductors from bulk nonradiative re-
combination to surface recombination of photoexcited
carriers.® From the present studies, it is seen that the fre-
quency’at which the phase data show a minimum changes
. with the concentration of dopant. This may be due to the

)g;l increase in recombination centers with increase in doping
“‘3-'.555’

oncentration, which in turn enhances heat generation due

> tEbulk recombination.
¥'is seen from Table 1 that the thermal diffusivity of the
féﬂmn under consxderatxon is less than that of the eartier
rted bulk GaAs sample.® Thermal diffusivity is an im-
portants ophysical parameter, which determines the
dxstnbx.&ggn of temperature in systems where heat flow oc-
curs. It Woﬂed earlier that the thermal diffusivity in
semiconductor<filgns can dev1ate from the corresponding
values in the btk material.'? It is seen clearly from Table |
that the thermal, %pmty of the epitaxial layer decreases

P

with increase m concentration. In semiconductors
heat is transporte th phonons and charge carriers.
N

T T
700 800 800

Frequency (Hz)

Fig. 3 OPC phase angle versus modulation frequency for the
samptles under investigation. The solid lines represents the fits o
%k (10) to the data.
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| Thermal and transport properties of GaAs epitaxial layers tration of Ge on an epitaxial layer of GaAs,'® which agrees
doping concentrations of Si. with our experimental result. It can be understood from the

number 1 2 3 relation »=gw,N, (where o is the capture cross section

for the photoexcited carriers, vy, is the thermal velocity of

et of epitaxial layer (um) 1025 3 2 the photoexcited carriers, and N, is the number of trapping

e o substrate (1m) 400 400 400 centers per unit area) that the surface recombination veloc-

dion of silicon (om™3) 2x10™ 2x 10" 2x10" ity is directly proportional to the density of surface trapping

ity (cm?s™") 026 023 021 centers. 'IThc number of trapping centers for the photoex-

weficient (cm?s~) 5.2 49 45 cxfed carriers at tl_le surfaceA of the e_pttaxnal layer increases

ombination velogity cms™") 415 476 525 w1t!1 dopmg,_ leadlqg to an increase in thg surface recombi-

: T nation velocity, which is in agreement with our experimen-
racombination time (us) 11.2 9.8 7 tal result.

The doping concentration influences the recombination
time of the photoexcited carriers. It is important to point
out that the photoacoustic signal is very sensitive to the
carrier lifetime, so that the proper choice of this parameter
is a significant step in the simulation process. The total
carrier lifetime depends on various recombination pro-
cesses. In the indirect-bandgap semiconductors like Si,
nonradiative recombination is the dominant process,
lization processes and limits the- whereas in the direct-bandgap semiconductors like GaAs,
wronic and optoelectronic devices. Addition: radiative recombination dominates. Hence the evaluation of

which can be considered as point*defects, en- nonradiative recombination in GaAs and the study of varia-
i fie seattering of phonons, which results in a reduc- tion of the nonradiative recombination time with doping
phonon mean free path and consequently a decrease have great physical significance, especially with respect to
temal conductivity. It is shown in Ref. 16 that.the, design and fabrication of semiconductor light sources. It is
liermal conductivity & is governed by the lattice” seen from our experiment that the recombination time de-
msistivity W through the relation k= 1/W=AT™", creases with increase in doping concentration. This is be-
K, n=1.25 for GaAs, and A4 is a parameter that .3’ Causc the recombinatiqn time is_ directly related to the mo-
with increase in doping concentration. Since the bility of the photoexcited carriers. Since the mability of

geater than that from cargiers, especially for car-

jons less than 10%°cm™.
diffusivity can be explained in te
contribution. Phonon scattering

diffusivity and thermal conductivity are directly re- cariers degregses yvi(h increase in doping concenfration,
locach other through a=k/pc, where p is the density tﬁé 'fe'éombmat.non time also decreases with increase in dpp-
kisthe specific heat, the reduction in thermal conduc- ing concentration. Our values for the recombination time
¥ increased doping concentration directly leads to @€ Well .within the range of earlier reported values for
kr value for the thermal diffusivity. doped samnples, o
k diffusion coefficient of 2 semiconductor is a very In conclusion, we have demonstrated in this paper the
vt quantity, which determines the distance traveled ~ ¢apability of the-PA technique in general and OPC detec-
iphotoexcited carriers before their recombination. It tion in particol r to'study the thermal and transport proper-
n fom the values obtained for the diffusion coeffi- ties of photoexcited carriers in layered semiconductor

it it is not the ambipolar transport but the diffusion structures. We have investigated the influence of doping on
kil of minority carriers that essentially determines the thermal and trarisport properties of the epitaxial layer of

Asignal generation. This means that at an incident GaAs doped with Si of various concentrations, using ther-
tof 50 mW, the photoinduced carrier population is mal wave transmission-and detection technique. From the
s the impurity concentration. It is also seen from the analysis of experimental data obvious that the thermal
tat the diffusion coefficient decreases with increase diffusivity of epitaxial layers ses with increase in
wig concentration. The diffusion coefficient is di- doping’ concentratiop. ll' is hkew;g n that tl?e djffusion
ieited to the mobility of carriers through the Ein- f:oeﬁiqent of the minority carriers eases with increase
daion D=kTule, where k is the Boltzmann con- in doping concentration, which is.due to the reduction in
Tis the temperature, e is the carrier charge, and  is the mobility of can}ers.w1th dop}ng."Doplng also n}ﬂgt:nceS
sier mability. At a constant temperature, the diffusion the su_rfacp rcc.ombmauon velocity and lhc r}onradlatlye re-
gent i essentially determined by the mobility of pho- ~ cOMmbination time. The surface recombination velocity of
dcamiers. The mobsility of holes decreases with in- the photoe_xcned carriers mncreases \_lvuh increasing dopmg
;1 doping concentration, which results in a reduced concentranon,‘ whereas the nonradiative recomblpatloq time
#the diffusion coefficient. decreases. This paper shows that the PA technique in the

transmission detection configuration is a simple and effec-
tive method for the study of thermal and transport proper-
ties in semiconductors.

Yrions of dopants have a strong influence on surface
. The dopants act as scattering centers, which
&teriorstion in the transport properties of the photo-
{camiers. One of the effects of incorporation of dop-

e gemeration of macrosteps (terraces), and the Acknowledgments

ol macrosteps give rise to striation. It was reported This work is supported by Netherlands University Federa-
tut the surface recombination velocity of the pho- tion for International Collaboration (NUFFIC). The authors
24 camriers increases with increase in doping concen- %L)c,h to thank Prof. J. H. Wolter and Prof. J. E. M.

Jiicai Engineering, Vol. 42 No. 5, May 2003
AoabE e Y



PROOF COPY 031305JOE

George et al.: Photoacoustic study . . .

S. Dilna received her MSc degree in phys-
ics with specialization in quantum electron-
ics from Cochin University of Science and
Technology, India, in 2000. She is cumently
a research fellow working towards her PhD
degree at the International School of Pho-
tonics, Cochin University of Science and
Technology, India. Her research interest in-
cludes laser-produced plasmas, laser
induced ablation in materials, and pholo-
thermal imaging.

Haverkort (COBRA group, Technical University of Eind-
hoven, the Netherlands) for the semiconductor samples. Sa-
jan D. George wishes to acknowledge the Council of Sci-
entific and Industrial Research, New Delhi for providing
financial assistance. S. Dilna acknowledges the Department
of Science and Technology, India, for her research fellow-
ship. V. P. N. Nampoori thanks the UGC for financial as-
sistance through a research award program.

References

1. A. Mandelis, Ed., Photoacoustic and Thermal Wave Phenomena in

(Sf;rsi_«;)ondimm, Elsevier Scientific, North-Holland, New York

2. and L. C. M. Miranda, “*Photoacoustic and related photo-
techniques,” Phys Rep. lﬁl(u) 43—201 (1988).

3 E Ma.nn,l Riech, P. Diaz, J Alm-(ii, Mendoza-Alvarez,

H. Vargas, A. Cruz-Orea, and M. Var thoacuruslsc investigation

of nonradiative carrier life nmes s %?”,Piz;s 83(5), 2604 -2609

(1998).
4. N. A. George, C. P. G. Vallabhan, ’V M. Nampoori, and P.
Fﬁ“_"‘!ﬂl’.” Opt. Eng. 41,

Radhakrishnan, **Photoacoustic studies on
251-255 (2002} 3

5. A. Pinto Neto, H. Vargas, N. F. Leite, andL g M randa. “Pho-
toacoustic investigation of semiconductors: influence o carmier diffu-
sion and recombination in PbTe and Si,” Phys. Rev. 6), 3924

3630 (1989). Q
6. A. Pinto Neto, H. Vargas, N. F. Leite, and L. C. M. yﬁ;nﬁo, *Pho-
toacoustic characterization of semmonduclors nsport " properties

and thenmal diffusivity in GaAs and Si,” Phys. Rev. B 41(14), 997]—
9979 (1990). S

7. M. D. Dramicanin, Z. D. Ristovskvi, P. M. Nikolic, D. G. thl_pcvw.
and D. M. Todorovic, Phys. Rev. B 51 (20), 1422614232 {

8. A. Fukuyama, Y. Akashi, K. Yoshino, K. Maeda, and T. lkari,
electric photoacoustic studies of optical recovery of metastable

related to EL2 and EL6 levels in semi-insulating GaAs,"” Phys. R JI:._

58(19), 1286812875 (1998).
9 5.D. Gnorgc,C P. G. Vallabhan, M. Ha:k.l’llndbakndlmt,

P. N. Nampoori, “Photoacoustic investigation of doped InP mmg ¥

open cell photoacoustic technique,” Nondesy: Test. Eval. 18(2),
75-82 (2002).

10. 1. Riech, E, Marin, P. Diaz, J. J, Alvarado-Gil, J. G. Mendoza-Alvarez,
H. Vargas, A. Cruz-Orea, M. and J. Bernal-Alvarado, “On the
use of photoacoustic technique for monitoring the doping concentra-
tion dependence on surface recombination velocity,” Phys. Status So-
lidi A 169, 275-280 (1998).

11. L. R.lech,l’ Dlaz,and E. Marin, “Snﬂyufmud:mnmcombmm
mechanisms in semiconductors by ustic measurements,”
Phys. Status Solidi B 220, 305308 (2000).

12. R. Castro Rodriguez, M. Zapata Torres, V. Rejoon Moo, P Barwolo
Perez, and J. L. Pena, “Evidence of scattering effects on the thermal
I(rdnsp)orl in indium-doped CdTe films" J Phys D 32, 194-1197

1999

13. N. A. George and Vinayakrishnan, *Photoacoustic evaluation of ther-
mal diffusivity of coconut shell,” J. Phys.: Condens. Matter 14,
4509-4513 (2002).

14. C. Christofides, F. Diakonos, A. Seas, A. Christou, M. Nestoros, and
A. Mandelis, “Two-layer model for photomodulated thermoreflec
tance studies on semiconductors,” J. Appl. Phys. 80(3), I718-—1725
(1996).

15. A. Rosencwaig and A. Gersho, “Theory of photoacoustic effect with
solids,” J. Appl. Phys. 47(1), 64— 69(i9?6)

16. S. Adachi, Physical Properties of 1lI-V Semicond: Comp . P-
59, John Wiicy and Sons, New York.

Sajan D. George received his MSc degree
in physics with specialization in electronics
from the University of Kerala, India, in
1998. He is cumrently a research feliow
working towards his PhD degree at the In-
temational School of Photonics, Cochin
University of Science and Technology, In-
dia. His research interests include thermal
and optical characterization of various ma-
terials such as compound semiconductors,
superlattices, liquid crystals, and ceramics
using photothermal techniques.

PROOF COPY 031305JOE

R. Prasanth received his MSc degres in
physics with specialization in electronics
from the University of Kerala, India, in
1995, and his MTech degree in optoelec-
tronics and laser technology at Cochin Uni-
versity of Science and Technology, India, in
1998. Presently, he is working towards his
PhD in a joint project between the Tedwi-
cal University of Eindhoven and the Inter-
national School of Photonics. His research
interest includes semiconductor nanostruc-
tures and laser-matter interactions.

P. Radhakrishnan received his MSc de-
gree in physics from the University of
Kerala in 1977, and his PhD degree from
Cochin University of Science and Technol-
ogy in 1986. He has been a lecturer at e
Cochin College from 1979 1o 1988. Pres-
ently he is a professor al the Intemational
School of Photonics, Cochin University of
Science and Technology. He is 2 member
of the executive committee of the Photon-
ics Society of India. His research interesks

.'-*

in@ laser Iechnology laser spectroscopy, and fiber optic sen-

hasmbhshedmmlhanmjmpaperslnmesem

C. P. Girijavallabhan received his Msc
and PhD degrees in 1965 and 1971, re-
spectively, from University of Kerala, Inda,
and did his postdoctoral research &
Southampton University in United King:
"idom. He was also a visiting professor at
““Franhaufer Institute, Freiberg, Germany.
_Currently he is the dean of the Facully of
; ogy at Cochin University of Science
' mct'[eqhnology He is the chief coordinaler
the Center of Excellence in Lasers and
Optoeisctromc Sciences CEI,.OS) the president of Photonics Soc-
ety of India, the vice pras:demotgn Indian Laser Association, anda
fellow of the Optical Society of Ind #'His research interests includs
lasers, laser-matter interactions, apl.oe!adramcs molecular physics,
and solid-state physics and photothermal techniques. He has pub-
lished more than 200 journal papers in these areas.

V. P. N. Nampoori received his MSc and
PhD degrees from M S University, Baroda,
in 1974 and 1978, respeclively. He is cu-
renly a professor at the Intemational
School of Photonics, Cochin Universiy of
Science and Technology, India. He is e
general secretary of the Pholonics Sociely
of India. His research interests include
photothermal methods, fluorescence spes-
troscopy, nonlinear optics, fiber optics, and
- laser-produced plasmas. He has published
more than 200 joumal papers in these areas.

728

Optical Engineering, Vol. 42 No. 5, May 2003 £





