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Photothermal deflection measurement on heat transport in GaAs epitaxial layers
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In this paper, we report the in-plane and cross-plane measurements of the thermal diffusivity of double
epitaxial layers ofn-type GaAs doped with various concentrations of Si argttgipe Be-doped GaAs layer
grown on a GaAs substrate by the molecular beam epitaxial method, using the laser-induced nondestructive
photothermal deflection technique. The thermal diffusivity value is evaluated from the slope of the graph of the
phase of the photothermal deflection signal as a function of pump-probe offset. Analysis of the data shows that
the cross-plane thermal diffusivity is less than that of the in-plane thermal diffusivity. It is also seen that the
doping concentration has a great influence on the thermal diffusivity value. Measurenpetypaf Be-doped
samples shows that the nature of the dopant also influences the effective thermal diffusivity value. The results
are interpreted in terms of a phonon-assisted heat transfer mechanism and the various scattering process
involved in the propagation of phonons.
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INTRODUCTION PTD (mirage technigue These methods have been success-
fully employed to determine the optical absorption coeffi-
The thermal characterization of layered structures hasient and thermal parameters of semiconductors and layered
been a subject of great interest due to their wide applicabilitptructures. However, not much work has been done to probe
in the microelectronic and optoelectronic industry. A numberthe influence of the type of dopant and the doping concen-
of recent review articles highlighted the fact that the thermafration on thermal properties such as the thermal diffusivity
conductivity and diffusivity of thin layers differ considerably of layered semiconductors.
from that of a corresponding bulk specimen due to the dif- In the present paper, we describe the in-plane and cross-
ference in microstructures such as the grain size, amorphol®ane measurements of the thermal diffusivity of GaAs
nature, and concentration of foreign atoms and defectdnultilayer samples. Thermal diffusivity is an important ther-
which strongly affects the scattering process of energynal transport property, reliable knowledge of which is of
carrierst In the case of layered structures, the interface thergreat interest in high-density electronfbsspecially from the
mal resistance and scattering of heat carriers at the boundafigvice fabrication point of view. Thermal diffusivity essen-
also contribute to a reduction in thermal conductivity andtially determines the diffusion of heat and, physically, the
thermal diffusivity. Besides that, thin layers of a specimeninverse of thermal diffusivity is a measure of the time re-
with the same nominal composition as that of the bulkquired to establish thermal equilibrium in a system in which
sample are reported to exhibit anisotropy and inhomogeneit transient temperature change has occufrachong the
The effective thermal properties of layered structures are edtarious experimental configurations to evaluate the thermal
sentially determined by the properties of individual layersdiffusivity of solids using the PTD technique, the strategy
and the thickness of each layer. As the doping along withsed in the present investigation is the measurement of the
layer thickness can influence the thermal and transport prog2 1D signal phase as a function of pump-probe offset at a
erties of semiconductors in a substantial marredetailed  fixed modulation frequencyThe phase data have been used
study of anisotropic heat transport and hence the thermdlere because, unlike the amplitude, the phase data do not
diffusivity value of layered structures has great physical andlepend on the heat beam intensity, but depend only on the
practical significance. periodic temperature at the sample surface.
Since its discovery, the photothermal method has been
used for the determination of several material properties of THEORY
thin semiconducting layers, which are not easy to measure
using conventional spectroscopic methdddl. photothermal A variety of detection configurations can be employed for
methods are essentially based on the detection of therméte thermal and optical characterization of a material using
waves generated in the specimen after illumination with eithe PTD techniqué Among these, the skimming PTD tech-
ther pulsed or chopped optical radiation. Among the variousiique is simple and the most accepted approach for the ther-
photothermal methods used for investigating the material pamal characterization of materials. The details of this configu-
rameters, the laser-induced photothermal deflecti®fD) ration are explained elsewhef®.In the skimming PTD
technique possesses some unigue characteristics and advannfiguration, the specimen is irradiated with a chopped and
tages compared to other approachd@e PTD technique is focused laser radiation and the subsequent periodic nonradi-
essentially based on the effect of a refractive index variatiorative deexcitation of the specimen produces periodic thermal
associated with a temperature gradient induced in the sampigaves. Such periodic thermal waves create a corresponding
surface. In the past, this technique has been employed irefractive index variation in the coupling mediumsually a
different configurations viz., collinear PTD and transverseliquid with a highdn/dT value, which is in contact with the
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specimen. A low-power probe beam skimming along the
sample surface is used to monitor this refractive index gra-
dient(RIG). The RIG is essentially based on the parameters
of the specimen under investigation. Thus the probe beam ol
passing through a spatially varying RIG suffers deflection
from its normal path. The amplitude as well as the phase of Surface temperature profile
the PTD signal is dependent on the thermal and optical pa:
rameters of the specimen under investigati@nd hence the
measurement of signal enables the characterization of th
sample properties.

For a Gaussian probe beam propagating through an inho
mogeneous medium, most of the parameters can be deduce
from the analysis made by Mandelis and Roytelhe
propagation of a Gaussian beam through a spatially varying

Wi

X

o

refractive index is given by the expression FIG. 1. Schematic diagram of the probe beam skimming PTD
d q configurationy andz are the transverse and vertical offsets, respec-
fo} tively.
ds(no dS _Vin(r!t)l (1)

. . . A linear relationship between the PTD signal phase as
wherer g is the perpendicular displacement of the beam from . . ;
. . N X . . . well as the amplitude with various parameters such as pump-
its original direction.ngy is the uniform index of refraction

and V, n(r,t) is the gradient of index of refraction perpen- probe offset(the lateral distance between the pump and

: , . . probe bearhand height of the probe beam above the sample
;jr:(éurlg;,tso;gteh_rays path. Equatidit) can be integrated over surface has already been reporttéor a=b=z=0, where

a, b, andz are the pump beam spot size, probe beam spot
dro 1 size, and probe beam height above the sample surface, there
—_—=— V. n(r,t)ds, (2) is alinear relation between the phase of the PTD signal and
ds  No Jpatn the pump-probe offset. This linear relation is found to be

wheres is the optical path length. Because the deviation isappllcable in three different configurations of pump and

. probe: (1) Probe beam skimming configuration with pump
small, one can get the deflectidn(t) as and probe on the same side of the samfie,probe beam
dro 1 4n skimming configuration with pump and probe on different
o)== — V, T(r,t)ds, ®) sides of the sample, an@) probe beam passing through the
ds No dT Jpatn sample. The first configuration is used in the present inves-
tigation. In this configuration, the slope of the plot connect-
ing the phase of the PTD signal and pump-probe offset is
given by

whereV, T(r,t) is the temperature gradient perpendicular to
the ray’s path. The deflectiol(t) can be resolved into two
componentsb, and®,, which are, respectively, the deflec-
tions normal and parallel to the sample surface. Let the probe

beam make a transverse offsetwith respect to the pump 1 (wf)l’z

(6)

beam axis and a vertical offsetwith respect to the sample m=-—=|—-

Ms as

surface. The temperature field distribution, which is due to
the pump beam absorption, obtained by the solution of heat
diffusion equations in the sample as well as in the coupling Here the suffixs indicates the sample arfddenotes the

fluid leads to the evaluation @b,, and®, as chopping frequency of incident radiation. In practice, the
conditiona=b=2z=0 cannot be achieved. However, for the
1 dn (= specimens with moderately high thermal diffusivity value,

I fo cog Sy)A Eq. (6) holds good for finite values od, b, andz (Refs. 6

and 11. Recent studies show that, by considering the inter-
Xexp(— Boz) Bodd expjwt) for z>0 (4)  face as a charge-trapping region, both two-layer and mono-
layer approximations yield identical responses for modulated

and photothermal studie$. The evaluation of the anisotropic
thermal diffusivity of Al/Ti multilayers has already been
__ Ldnf= reported:* A schematic of the probe skimming configuration
[ON sin(dy)A L ST
7n dt Jo is given in Fig. 1.

Xexp(— Boz) dddexpjwt) for z>0, (5)

. . . . . EXPERIMENT
where A is a complex integration constand,is a spatial
Fourier-transformed variable, ang,=(5%+ jw/Dg)Y? n-type andp-type GaAs thin films grown upon semi-
whereDy, is the thermal diffusivity of the coupling fluid. insulating GaAs substrates were used as samples in the in
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TABLE I. Details and thermal diffusivity value of the samples under investigation. 1, 2, 3, and 4 represent
the sample numbers.

Thermal diffusivity value (cras 1)

Sample I (um)? n (cm 3P In plane Cross plane
!Si-doped GaAsuppe) 0.20 2.0< 108 0.142+0.0006 0.113:0.0004
ISj-doped GaAgmiddle) 1.80 2.0<10'8

ISemi-insulating GaAs 400.00

(substratg

2Sj-doped GaAguppe 0.20 2.0< 10 0.155+0.0004 0.122-0.0005
2Si-doped GaAgmiddle) 2.80 2.0 106

2Semi-insulating GaAs 400.00

(substrate

3Si-doped GaAsuppe 0.25 3.6<10% 0.172+0.0004 0.13%:0.0005
3Si-doped GaAgmiddle) 10.00 3.6<10%

3Semi-insulating GaAs 400.00

(substratg

“Be-doped GaAsuppe) 0.20 2.0<10'8 0.130+0.0003 0.105:0.0004
“Be-doped GaAsgmiddle) 1.80 2.0<10'8

4Semi-insulating GaAs 400.00

(substrate

&Thickness of the layer.
Concentration of dopant.

vestigation. The thin films were grown by the molecularindex gradient in CGl. The probe beam also has a Gaussian
beam epitaxial metho@Applied Physics Department, Tech- profile with a beam diameter of 706m and it is focused
nical University of Eindhoven, Eindhoven, The Nether-with a convex lens having a focal length of 8 cm to a spot
landg. All the samples contained two epitaxial layers. Thesjze of 90 um at the point of pump-probe crossing. The
sample structure together with the specifications of eachyrobe laser beam is arranged such that it just skims through
Iayer and the dopant concentration is given in Table I. Fokhe samp|e surface, and it propagates a|ongythﬁfecti0n,
convenience we have labeled the samples arbitrarily as 1, ghich is orthogonal to the pump bearn 4xis). A position-
3, and 4. sensitive quadrant detector is used to measure the deflection
Continuous optical radiation at 488 nm from an argon ionof the probe beam. The output of the quadrant detector is fed
laser(Liconix 5300, which is mechanically choppe@tan-  to a dual phase lock-in amplifi€Btanford Research Systems
ford Research Systems SR 34@& used as the source of SR 83(. The entire experimental setup is laid out on a
excitation. The laser beam has a Gaussian profile with a diibration-isolated table top to protect the system from ambi-
ameter of 1.2 mm. In all the measurements the power is kepint vibrations. A schematic view of the experimental setup is
at 50 mW (£ 0.5%) and the incident radiation is chopped atshown in Fig. 2. In the present configuration, the distance
10 Hz so thatw7<1. Hence only the thermal diffusion pro-
cess contributes to the heat transport of the samples unde” ,..o; ion taser
investigation. The excitation photon energy, viz., 2.54 eV, is Y
much greater than the band gap energy of G&A43 e\ —
and the entire incident radiation is absorbed at the surface
(~1 um) of the epitaxial layer itself. Consequently, all the
specimens are considered to be opaque at the incident wave
length. Moreover, the fact that the entire energy is absorbec
at the surface of the sample implies that heat is generated ol
the surface of the epitaxial layer and it propagates through
the entire structure. The pump beam is focused using a con
vex lens having a focal length of 20 cm so as to get a spot
size of 100um on the sample surface. Carbon tetrachloride
(CCl,) is used as the coupling liquid for the present investi-
gation due to its high thermal diffusivity valueaE7.31
X104 cn? s~ 1) and very high rate of change of refractive
index with temperature dn/dT =6.12<10* K™1) (Ref. FIG. 2. Schematic view of the experimental setup: M, mirror;
15). A 4-mW He-Ne lasefUniphasg emitting at 633 nmis L,, L,, lenses; C, chopper; Q, cuvette; S, sample; QD, quadrant
used as a probe beam to detect the strength of the refractiveetector.

Lock - in amplifier

He — Ne laser
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® 10 HZ is even sensitive to the nature of the dopant. In the case of
= semiconductors, thermal energy is essentially carried away
by electrons and holé§.However, in the case of semicon-
; ductors with low or normal density of carriers, at all tem-
-100 4 peratures well below their melting point, the heat conduction
T process is primarily due to phonohsThermal conductivity
and hence thermal diffusivity are determined by the phonon
mean free path, which in turn depends on the phonon veloc-
] ity and its relaxation timé® The propagation of phonons
-130 through the lattice suffers various scattering mechanisms
T such as phonon-phonon scattering, phonon-electron scatter-
-140] ing, and scattering of phonons by the crystal boundaries and
defects. In the case of semiconductors, at room temperature,
180 ———4—r—"V—F—"—TF—FF—T" 77 . .
1000 -800 -600 400 -200 © 200 400 600 800 1000 the scattering of phonons is caused by the anharmonicity in
the interatomic potential energy functibh.The electron-
phonon scattering obviously depends on the carrier concen-
FIG. 3. Variation of PTD signal phase with pump-probe offset tration and is important only at very high carrier concentra-
for sample 1 in the normal direction. tion. In the present investigation, substrates of all the
specimens are semi-insulating in nature so that the contribu-
between the probe and sample surface is kept as small &&n from the carriers is negligibly small. However, phonon

possible so as to get a nondiffracted bedrom the sample scattering from crystal imperfections, point defects, and im-
edge at the detector head. purities can be major contributing factors in determining the

effective thermal conductivitythermal diffusivity) value. In
the case of semiconductors, it is the propagation of acoustic
RESULTS AND DISCUSSION phonons that is more effective in determining the thermal

Figure 3 shows the variation of the PTD phase in theParameters as compared to optical phoridns. _
normal direction as a function of pump-probe offset for The detected photothermal signal from a semiconductor is

sample 1 whereas Fig. 4 shows the variation of the PTD0t Solely dependent upon how heat is carried away by each
phase in the transverse direction as a function of pump-prob@uasiparticle system in the semiconductor and its thermal
offset. Thermal diffusivity is evaluated from the slope of the Parameters(electron and phonon thermal diffusivity and
plot on either side of the point of excitation and the averagdhermal conductivity but also on how energy and momen-
value of the two measurements is also given in Table I. It ha8!m are distributed between them; i.e., the detected signal
been found that the thermal diffusivity is to be less than thedepends greatly on various scattering mechanisms suffered
earlier reported value of bulk Ga&sall other samples also  PY the heat carrier: However, in the case of layered semi-
show similar behaviofnot shown. The thermal diffusivity =~ conductors - the reduction in their effective thermal
values measured along the in-plane and cross-plane direBarameter® depends mainly ofe) the doping effect(b) the
tions for all specimens under investigation are depicted ifnterface effect, andc) the quantum size effect. In the
Table I. From the table it is seen that the thermal diffusivityPresent investigation, the epitaxial layers have thicknesses

of the samples varies with the concentration of dopant and ffnuch greater than the mean free path of phonons in GaAs
(~10-20 A) so that quantum confinement has a negligible

10 influence in our investigations. Hence the phonon spectrum
1 - = 10Hz in each layer can be represented by its bulk fo?8ince the

20 epitaxial layer thickness is greater than the phonon mean free

path, the normal and umklapp scattering rates are identical to

-80 4

-

=

o
1

-120 4

PTD phase (degree)

Pump-probe offset (um)

-30 -

§ those for the bulk specimet.The normal scattering pro-

5 40 cesses are significant for longitudinal and low-frequency

g s0- transverse phonons, whereas umklapp scattering is the domi-

Y 1 nating phenomenon for high-frequency transverse phonons.

& 0 At room temperature, the high-frequency transverse phonons

E 70 are the effective carriers of hetin addition to these scat-

E 50.] tering mechanisms, phonons also suffer scattering from im-

o ] purities present in the epitaxially grown layers, which in turn
-90 reduces the phonon mean free path and, hence, the phonon

group velocity. The reduction in phonon mean free path or
phonon group velocity results in the reduction of the lattice
thermal conductivity k= Cuv A/3, whereC is the volumetric
specific heatp is the phonon group velocity, andl is the
FIG. 4. Variation of PTD signal phase with pump-probe offset phonon mean free patland hence the effective thermal dif-
for sample 1 in the transverse direction. fusivity value. It has already been reported that the lattice

-100 ~7T T r Tt T Tty v
-1000 -800 -600 -400 -200 0 200 400 600 800 1000
Pump-probe offset (um)
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thermal conductivityk is governed by the lattice thermal the expressiomMw?, where w is the phonon angular fre-
resistivity (W) through the relatiok=1/W=BT " (wheren guency.A is a constant related to the doping concentration
is a constant at a particular temperature Bnid a parameter and is given by
which decreases with increase in doping concentratom
it decreases with an increase in doping concentrafidnis B nV2 (AM)?
interesting to point out here that the thermal diffusivity value A= e ANV
of the p-type specimen is small as compared to the/pe
specimen. This is due to the fact that the scattering rate ofheren is the dopant concentratioN, is the volume of the
phonons due to impurities is proportional to the square of thdiost atom s is the average phonon group veloci, is the
mass difference between gallium and the dopant atom. latomic mass of the host atom, arddM is the difference
Be:GaAs, beryllium is much lighter than silicon; the massbetween the host and impurity atoms. The above relation
difference between silicon and gallium is less in comparisorsuggests a linear decrease in the thermal diffusivity value
to the mass difference between the beryllium and galliumwith doping concentration. However, the experimentally ob-
Thus the phonons in the Be-doppeype specimen suffer a served logarithmic dependence could be due to the combined
large scattering rate and thus result in a reduced value faffect of both doping concentration and the thickness of the
thermal diffusivity for the sample. epitaxial layer$® An increase in the thermal conductivity
The interface effects also play a significant role in thevalue of layers with specimens having thickness of the order
reduction of thermal diffusivity of layered structures as com-of the um range has already been reportétt.can be attrib-
pared to bulk specimen. As the thickness of epitaxial layersited to the increase in spectral phonon heat capacity as well
is relatively larger than the phonon mean free path, interfacas to the reduction in total relaxation time with siZeAs
scattering cannot be either completely diffusive or speculamentioned earlier, at 300 K only the high-frequency trans-
in nature?* Specular interface scattering depends on the misverse phonons are the effective carriers of heat. The net ef-
match in acoustic impedance and phonon group velocity befect of the increase in phonon heat capacity is the reduction
tween the two layers. If the roughness of the interface i®f the amount of heat carried away by each phonon. The
comparable to the wavelength of the phonon, diffuse scattetypical relaxation time of the umklapp process at 300 K is
ing at the interface will dominate in the interface scatteringabout 10° s, corresponding to a relaxation length of the
mechanism. In the present case the layers are doped witirder of a micron. This indicates that even in the specimens
impurities and they are grown by the molecular beam epitaxhaving thickness of the order gim (Ref. 27, as in the
ial method so that interface scattering is both diffusive andporesent investigation, the size of the epitaxial layer has an
specular in natur& A small increase in diffuse scattering effect on the effective thermal diffusivity value.
due to an increase in dangling bonds at the interface caused The cross-plane thermal diffusivity is less as compared to
by the variation in doping levels can affect the thermal dif-the in-plane thermal diffusivity value. The phonons parallel
fusivity value in a substantial mann€rWhen the interface to the film have a greater phonon mean free path as com-
roughness is of the order of the phonon mean free path, it capared to those in the perpendicular direction, resulting in a
act as an effective diffusive interface scattering center fotarger thermal diffusivity value in the parallel directiéhin
phonons which results in the reduction of thermal diffusivity general, the measured thermal resistance of the film in the
value!® The inelastic scattering caused by the anharmonicross plane consists of two parts: viz., thermal resistance
interatomic force due to doping and the phonon mode conwithin the film and the thermal boundary resistance at the
version at the interface can also result in the diffuse scatteinterface? The interface and boundary scattering have larger
ing mechanism. This thermal barrier resistafiEBR) due to  effect on the mean free path of phonons propagating perpen-
interface roughness results in the reduction of the thermadicular to the point of excitatiot’?° This is due to the tem-
diffusivity value. However, the effect of interface roughnessperature jump experienced by the phonons at the intefface.
is relatively small as compared to the doping effects. In adHowever, in the in-plane direction local thermal equilibrium
dition to these scattering mechanisms, dislocations in the epis established in a length scale much smaller than the length
taxially grown layers result in internal scattering, which in of the specimen in that direction. The anisotropy in the ther-
turn causes a reduction in thermal diffusivity. In order tomal properties of freestanding thin films has already been
predict the exact contribution from each factor to the reducreported?® As the interface contains a large number of dan-
tion in the thermal diffusivity value, a more detailed investi- gling bonds it acts as effective scattering centers for
gation and theoretical modeling based on the propagation gfhonons, which in turn results in a reduced value for thermal
various longitudinal and transverse acoustic phonons and igiffusivity along the perpendicular direction as compared to
reflection and transmission at the interface is needed. Nevethe parallel direction. Thus the physical anisotropy of the
theless, the present investigation shows that the effectivepitaxial layers results in the anisotropy of the measured ef-
thermal diffusivity values in the in-plane and cross-planefective thermal diffusivity value of all samples under inves-
measurements show a considerable decrease as comparedigation.
the bulk specimer®
_ !t is seen from the measurements t.hat the thermal diffu- CONCLUSION
sivity values of the specimens under investigation follow a
logarithmic dependence with doping concentration. It was In conclusion, measurements of anisotropic thermal diffu-
reported® earlier that the phonon scattering rate is given bysivity on GaAs double epitaxial layers have been carried out.
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