UC Santa Barbara
UC Santa Barbara Previously Published Works

Title

High-Temperature Thermoelectric Characterization of IlI-V Semiconductor Thin Films by
Oxide Bonding

Permalink

https://escholarship.org/uc/item/58k423id

Journal
Journal of Electronic Materials, 39(8)

ISSN
1543-186X

Authors

Bahk, Je-Hyeong
Zeng, Gehong
Zide, Joshua M.

Publication Date
2010-08-01

DOI
10.1007/s11664-010-1258-5

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/58k423jd
https://escholarship.org/uc/item/58k423jd#author
https://escholarship.org
http://www.cdlib.org/

Journal of ELECTRONIC MATERIALS, Vol. 39, No. 8, 2010
DOI: 10.1007/s11664-010-1258-5

© 2010 The Author(s). This article is published with open access at Springerlink.com
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A device fabrication and measurement method utilizing a Si0,—SiO4 covalent
bonding technique is presented for high-temperature thermoelectric charac-
terization of thin-film III-V semiconductor materials that suffer from the side-
effect of substrate conduction at high temperatures. The proposed method
includes complete substrate removal, high-temperature surface passivation,
and metallization with a Ti-W-N diffusion barrier. A thermoelectric material,
thin-film ErAs:InGaAlAs metal/semiconductor nanocomposite grown on a
lattice-matched InP substrate by molecular beam epitaxy, was transferred
onto a sapphire substrate using the oxide bonding technique at 300°C, and its
original InP substrate, which is conductive at high temperatures, was
removed. Electrical conductivities and Seebeck coefficients were measured
from room temperature to 840 K for this material on both the InP and sap-
phire substrates, and the measurement results clearly show that the InP
substrate effect was eliminated for the sample on the sapphire substrate. A
strain experiment has been conducted to investigate the effect of strain on

electrical conductivity.

Key words: High-temperature measurements, thermoelectric, oxide

bonding, substrate removal

INTRODUCTION

Recently, much attention has been drawn to
high-temperature material characterization of
semiconductor thin films for thermoelectric power
generation, photovoltaic energy conversion, and
other high-temperature applications.™ Since the
efficiency of these energy conversion applications
relies heavily on the carrier transport properties of
the materials used, it is very important to charac-
terize the materials with a high degree of accuracy
in the working temperature range of each specific
application. Thin-film semiconductor materials are
ideally suited for many of these applications,

(Received February 23, 2010; accepted April 26, 2010;
published online May 22, 2010)

because they can be grown with high quality and
stability at high temperatures, and their funda-
mental properties including band structures are
well understood.

InGa(Al)As doped with Er grown by molecular
beam epitaxy (MBE) has demonstrated its useful-
ness in thermoelectric energy conversion, with
reduced thermal conductivity below the alloy limit
due to effective phonon scattering by ErAs nano-
particles.® Recently, it has also been reported that
the ErAs nanoparticles formed in InGa(Al)As can
enhance the thermoelectric power factor by effective
electron scattering under special conditions.%”
These n-type and p-type ErAs:InGa(Al)As materials
have been used to build thermoelectric power gen-
erator modules to generate an output power density
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of 2.5 W/em?® or a total output power of 5.5 W when
the materials were segmented with BiyTes.”

However, electrical conductivity and Seebeck
coefficient measurements at high temperatures
have been impeded for this material, because the
InP substrate used for the material growth becomes
electrically conductive at high temperatures due to
thermal excitation of free charge carriers, even
though it is semi-insulating at room temperature,
and it is very difficult to separate this substrate
effect from the overall measurement.

Herein, we report an approach to eliminate the
substrate effect for thin-film ErAs:InGa(Al)As
metal/semiconductor nanocomposite material by
using a Si0,—SiOy covalent bonding technique.
Surface passivation and metallization suitable for
high-temperature measurements are also proposed.
We present successful measurements of high-tem-
perature properties of such thin films from room
temperature up to 840 K with no substrate effect.
The proposed device fabrication technique may be
used for characterizing any semiconductor thin
films that require the removal of substrate and/or
other parasitic conduction effects. The strain on the
thin film induced by thermal expansion mismatch
between the thin film and the sapphire substrate is
calculated, and a sample-bending apparatus is used
to measure the dependence of electrical conductivity
on tensile strain in the thin film. It is shown that the
strain change on the thin film accounts for the dis-
crepancy in electrical conductivity between the two
samples on the InP and sapphire substrates at room
temperature, and the discrepancy is estimated to be
only within 2% at 840 K.

DEVICE FABRICATION

Films (2 um thick) of ErAs:(InGaAs)q g(InAlAs)g o
lattice-matched to an InP substrate were grown on
520-um-thick semi-insulating an InP substrate by
MBE at a growth temperature of 490°C. Erbium
was codeposited during the growth of the semicon-
ductor matrix with total Er volume fractions of 0.3%
and 0.6% in (InGaAs)g s(InAlAs)g o. At these volume
fractions, ErAs islands are formed in the semicon-
ductor matrix.'®*" Rocksalt-structured ErAs pre-
cipitates of 2.4 nm average diameter were observed
to be randomly distributed in the matrix by trans-
mission electron microscopy (TEM).'?

Recently a low-temperature, strong SiO,—SiO,
covalent wafer-bonding technique has been
reported.'® This bonding technique was originally
developed for large-scale III-V semiconductor-
to-silicon wafer bonding, but can generally be used to
bond any two solid material surfaces, provided that
their surface roughness is sufficiently low. We have
utilized this bonding technique for the bonding of a
III-V epitaxial film and a sapphire wafer with little
modification of the process. The reactive hydrophilic
surface and structural porosity of SiO, layers
make the oxide a good bonding interface layer and

decrease the temperature required for strong cova-
lent bonding. The bonding was annealed at 300°C for
2 h to increase the bond strength. This annealing
temperature is quite low compared with those of
other conventional bonding techniques, which are
often as high as 1000°C. Lowering the bonding tem-
perature is very important, because strain induced
by thermal expansion mismatch between the two
bonded substrates can degrade material quality and
change the properties of the materials involved.* We
will analyze the effect of strain on the measurement
results in the next section.

For high yield from the bonding process, ultralow
surface roughness is required. The surface rough-
ness of the commercial sapphire wafer used in the
bonding process was as low as 5 A, and the 30-nm-
thick plasma-enhanced chemical vapor deposition
(PECVD) SiOg that was used as a bonding interface
layer had a peak-to-peak roughness less than 10 A,
which is in a suitable range for bonding. However,
the ITI-V InGaAlAs epitaxial layer grown by MBE
had surface oval defects which can be as high as
2 ym from the epitaxial surface. These defects gen-
erally originate from indium and/or gallium droplets
formed on the surface of the substrate during the
oxide desorption process before growth.'® In order to
remove those defects from the film, a photolithog-
raphy process was performed to form a 20-um- to
30-um-diameter open hole of photoresist around
each oval defect. Then, the sample was dipped in
H;PO4:H>05:H,O (1:5:15) to etch the open area
down to the substrate and remove the oval defects.

The device fabrication steps utilizing the SiOo—
Si0, covalent bonding technique are illustrated in
Fig. 1. Prior to bonding, 0.5-um-deep 6-um-wide
in-plane channels were inscribed on the sapphire
substrate using inductively coupled plasma (ICP)
dry etching with BCls/Cl, gases under 200 W radio
frequency (RF) power. These in-plane channels are
used as efficient outgassing paths for by-product
gases such as H,O and hydrogen generated during
bonding. After thorough solvent cleaning of the
defect-removed thin film and the channeled sap-
phire substrate, a 30-nm-thick SiO, bonding inter-
face layer was deposited on the surface of both the
thin film and the sapphire substrate using a PECVD
Plasma-Therm model 790 system with precursor
gases of 2% SiH, diluted in He, and NyO by
13.56 MHz source excitation at 250°C. The thick-
ness of the SiOy layer was chosen so as to keep the
surface roughness below 10 A for high-yield bond-
ing. The SiO, layers were then baked at 200°C for
2 h to drive undesirable gas molecules out of the
oxide layers.

After the post-baking, the SiO, layers were
cleaned in a modified RCA solution of HC1:H5045:H,O
(0.2:1:5) at 80°C for 10 min, and in turn, in sol-
vent solutions of acetone, isopropyl alcohol, and
deionized water. Next, the two SiO, layers were
treated with an Og plasma of 39 W RF power with 26
scem O, flow rate and 15 mTorr pressure for 45 s.
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Fig. 1. Device fabrication steps for the van der Pauw (vdP) samples that were used for electrical conductivity and Seebeck coefficient

measurements at high temperatures.

This O, plasma treatment is necessary to suppress
void formation at the bonding interface during the
300°C anneal and to activate Si—O bonds on the
surface. Several activation steps were performed
immediately after the O, plasma treatment: the
first step was dipping the two samples in diluted HF
solution (0.025% HF) for 1 min, and the second was
dipping them in NH,OH for 2 s. The HF solution
forms reactive Si—F bonds on the SiO, surface. It
does not etch the SiOg layers because of the very low
HF concentration. The NH,OH converts Si—OH to
Si—-NH, bonds so that more reactive bonding legs
can participate in the bonding with the mating
surface.'* Manual attachment between the two
samples was carried out immediately after the two
activation steps by pressing the InP substrate and
the sapphire substrate together with the two SiOq
layers facing each other. The spontaneously bonded
sample was then annealed at 300°C under pressure
of 1.5 MPa for 2 h in a commercial Suss SB6E wafer
bonder to enhance the bond strength.

As shown in step 4 in Fig. 1, the InP substrate
was finally etched off in a solution of HC1:H,O = 2:1
at room temperature to leave only the 2-um thin
film and a total 60 nm SiO, interfacial layer on the
sapphire substrate. Figure 2 shows the thin film
bonded on a 1 ecm x 1 cm sapphire plate after InP
substrate removal. In the microscopic view of the
bonded surface in Fig. 3, one can see open holes in
the thin film where the oval defects were removed
by wet etching. A square cloverleaf-shaped van der
Pauw (vdP) pattern'® was fabricated on the 2-um
epitaxial layer by reactive ion etching (RIE) with Cl,

Fig. 2. A picture of a thin film bonded on a 1 cm x 1 cm sapphire
plate after the original InP substrate was removed by wet etching.

gas, as shown in step 5 in Fig. 1, after which surface
passivation and metallization were performed.
High-temperature surface passivation or encap-
sulation is needed to prevent the III-V epitaxial
layer from decomposing at temperatures above the
growth temperature. Silicon nitride deposited by
ICP PECVD with Ny precursor as a nitrogen source
is known to be a good candidate for surface passiv-
ation.'”!® ICP silicon nitride contains less hydrogen
than that deposited by PECVD, which normally
uses NHj precursor instead of Ny, and hydrogen is
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Fig. 3. Microscopic view of the surface of the thin film bonded onto a
microchanneled sapphire plate. The small open circular holes on the
thin film indicate where oval defects were removed for surface flat-
tening before bonding. Microchannels with 100 um spacing are
shown on the sapphire plate, and the dark area is the SiO, layer
deposited on the sapphire plate, used as a bonding interface
material.

the main cause of surface blistering on the nitride at
high temperatures.’® However, ICP silicon nitride
deposition is very sensitive to native oxide on the
III-V epitaxial layer. In particular, the semicon-
ductor matrix containing Al is vulnerable to surface
oxidation, and thus ICP silicon nitride may not be
properly deposited on the III-V thin films. We have
found that buffered HF (BHF) dipping and in situ
SFe/Ar plasma treatment can effectively remove the
oxide on the surface and help deposit the ICP silicon
nitride on III-V compound semiconductors. SFg
plasma converts the thin native AlO, layer into
AlF3, which is removed by a subsequent Ar plasma.
Immediately after dipping in BHF for 1 min, the
sample was loaded into a commercial Unaxis ICP
deposition chamber, and cleaned in situ with an SFg
plasma at 20 W RF bias for 30 s and a subsequent
Ar plasma at the same RF power for 60 s, all at
250°C. A 2000 A silicon nitride layer was then
deposited with 100% silane and N5 gases diluted in
Ar at_ 50 W RF bias at 250°C. Another layer of
1000 A PECVD SiO, was deposited on top of the ICP
silicon nitride to reduce the tensile strain in the
silicon nitride at high temperatures.
High-temperature metallization requires a good
diffusion blocking barrier metal to prevent contact
metals from diffusing into the semiconductor thin
film at high temperatures. Thin Ti-W-N deposited
by reactive direct-current (DC) sputtering from a
Ti-W target in Ar-N,; ambient gas mixture has been
reported to be a good diffusion barrier between
GaAs and Au up to 750°C.2° We successfully
deposited a 500 A Ti-W-N film on the ErAs:InGa-
AlAs epitaxial layer by reactive DC sputtering using

a Ti-W (90/10 at.%) target in an Ar-N, (25 sccm/
1.5 scem) gas mixture at 200 W and 10 mTorr as a
high-temperature diffusion barrier. Before the
sample was taken out of the sputtering chamber, a
very thin gold layer was deposited to prevent oxi-
dation of the Ti-W-N. An additional 5000-A-thick
gold probing layer was then deposited by using an
electron beam evaporator. Four Ti-W-N/Au contacts
of 150 um x 150 um size were fabricated at the four
corners of the vdP pattern, as shown in step 6 in
Fig. 1. The total size of the square cloverleaf-shaped
vdP pattern was 5 mm x 5 mm.

HIGH-TEMPERATURE MEASUREMENTS

Both electrical conductivities and Seebeck coeffi-
cients of the substrate-removed samples of 0.3% and
0.6% ErAs:InGaAlAs were measured from room
temperature up to 840 K. Four-probe vdP measure-
ments for electrical conductivity were conducted by
causing an electric current to flow through two
adjacent contacts and measuring the voltage across
the other two contacts.'® During the measurements,
the sample sat on a heating block equipped with a
cartridge heater inside. The cartridge heater was
connected to an external temperature controller,
which controlled the temperature of the heater to a
set point using proportional-integral-derivative
(PID) feedback control by reading the thermocouple
built into the heater. Highly thermally conductive
silver paint was applied evenly between the sample
and the heating block for efficient and uniform
heating of the sample. All the heating parts except
the temperature controller were placed in a vacuum
chamber, and the pressure was maintained below
1 x 107* Torr over the entire temperature range
during the measurements. A type K thermocouple
was used to measure the temperature directly on
the sample surface. The sample was given sufficient
time to allow its temperature to stabilize at each
temperature point measured.

Seebeck coefficients of the samples were mea-
sured in the same system, but two heating blocks
were used in order to generate a temperature gra-
dient across the sample. The sample was placed
diagonally across the two heating blocks so that one
cloverleaf of the sample was heated by one block
while its diagonal counterpart was heated by the
other block. By setting the two heating blocks at
different temperatures with a 5 K to 8 K maximum
difference, voltage as a function of temperature
difference was obtained, and the slope in the linear
relationship gave us the Seebeck coefficient at each
temperature. Two type K thermocouples were used
to measure the temperature difference directly on
the sample, and two electrical probes were used to
measure the voltage between the two contacts at
different temperatures. Before collecting data
points, the two temperatures of the sample were
stabilized for sufficient time until the variation of
each temperature became less than 0.1 K.
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RESULTS AND ANALYSIS

Figure 4 shows a comparison between the elec-
trical conductivities of the substrate-removed sam-
ple on a sapphire substrate and the original sample
on an InP substrate. The electrical conductivity of
the InP substrate was also measured and plotted
after multiplying by the thickness ratio (inset to
Fig. 4). In order to make ohmic contact when the
electrical conductivity of the InP substrate was
measured, a highly doped thin film was grown on
the InP substrate, and patterned at the four edges.
Then, the contact metals were deposited on the thin-
film mesas instead of directly on the InP substrate.

When one measures the electrical conductivity of
a thin film grown epitaxially on a substrate, the
actual conductivity measured (oioq1) is the sum of
the electrical conductivity of the thin film and a
parasitic term from the substrate given by

Ototal = Of + 0O - t_s7 (1)
te

where ¢ and o are the electrical conductivities of
the thin film and the substrate, respectively, and #;
and ¢, are the thicknesses of the thin film and the
substrate, respectively. Note that the parasitic term
from the substrate is multiplied by the thickness
ratio.

As the InP substrate is semi-insulating at room
temperature, its electrical conductivity is as low as
1 x 10°*Q ' em ™! at room temperature, while the
thin-film conductivity is about 350 Q !em 1.
Therefore, the substrate has no effect on the mea-
sured electrical conductivity at low temperatures.
However, as temperature increases, the electrical

850 —T——T———T T

i == on InP 1
600~ | —A— on Sapphire |

i Gggﬁpd} =SERRE

500 =

450 -

400} QA
0 __.d‘.l y =
300 400 500 600 700 800
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Temperature (K)

300 | L | L 1 L 1 I 1 L | L
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Fig. 4. Electrical conductivities of thin films of 0.6% ErAs:InGaAlAs
on an InP substrate (circles) and a sapphire substrate (triangles).
The inset shows the effective electrical conductivity [electrical con-
ductivity multiplied by the thickness ratio of the substrate to the thin
film (=520 um/2 um)] of the InP substrate only.

Electrical conductivity (Q1 cm‘1)

of InP substrate (1/c-cm)
s B8
o (=]
'.'-‘“.‘_.—--
" | L L

Effective electrical conductivity

conductivity of the substrate increases exponentially
due to thermal excitation of free carriers and
becomes significant. As shown in the inset to Fig. 4,
the substrate parasitic term increased exponentially
with temperature and became significant at above
600 K. This substrate effect was clearly seen in the
measured electrical conductivity of the sample on an
InP substrate above 600 K. However, the sample on
a sapphire substrate showed no such substrate
effect.

The substrate effect was also apparent in the
Seebeck measurements for the thin film on an InP
substrate (Fig. 5). At low temperatures, the Seebeck
coefficient of the original sample on an InP sub-
strate was almost identical to that of the bonded
sample on a sapphire substrate. Above 580 K,
however, the Seebeck coefficient of the original
sample suddenly increased with temperature,
which is due to the substrate effect. The total
(measured) in-plane Seebeck coefficient of the two
parallel layers is described by

Sf'O'erSs-Gs-ts/tf
of + 05 'ts/tf

; (2)

S total —

where Sy and S, are the Seebeck coefficients of the
thin film and the substrate, respectively. The See-
beck coefficient of the InP substrate remains very
high in the temperature range because of its low
electrical conductivity, and its contribution to the
total Seebeck coefficient increases with temperature
mainly due to the exponential increase of its con-
ductivity, which is clearly shown in Fig. 5, where
the Seebeck coefficient of the thin film on an InP
substrate suddenly increases above 600 K due to the
substrate contribution, while this is not observed for
the bonded sample.

Figure 6 shows electrical conductivity measure-
ment results for the ErAs:(InGaAs)ys(InAlAs)g s

DAGGT—T— & o '
. T | —O—onInP
Tx 320 __ —A— on Sapphire / j
>
= 300 3 ]
§ el / ]
5 280 o |
S . / |
] O
o 260 | )
o 4
3 I T P
@ 240 O BB ]
8 | ‘9‘%\‘&@ - 1
2 %
B 20 PERXO i
o0 L—— 1 ..

300 400 500 600 700 800 900
Temperature (K)

Fig. 5. Seebeck coefficients of thin films of 0.3% ErAs:InGaAlAs on
an InP substrate (circles) and a sapphire substrate (friangles).
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Fig. 6. Electrical conductivity versus temperature of 2 um
ErAs:(InGaAs)o g(InAlAs)g o thin films with 0.3% and 0.6% Er con-
centrations bonded on sapphire substrates.

with 0.3% and 0.6% Er concentrations on sapphire
substrates from room temperature to 840 K.
Figure 7 shows the Seebeck coefficients of the two
samples in the same temperature range. It is seen
that both the electrical conductivity (o) and the
Seebeck coefficient (S) increased with temperature.
The thermoelectric power factor, which is defined as
S2s, also 1ncreased w1th temperature and reached

317 x 103 Wm™! K with an electrical conduc-
tivity of 550 Q 'cem ! and a Seebeck coefficient of
240 WVK™ at 840 K for the 0.6% Er sample, and

2.81 x 10 Wm~ K with an electrical conduc-
tivity of 450 Q !cem ! and a Seebeck coefficient of
250 uV K ! at 840 K for the 0.3% Er sample.

Strain is one of the important factors that can
change the band structures of semiconductor
materials. It is known that compressive strain
generally increases the bandgap and reduces the
carrier density as well as the electrical conductivity
in III-V semiconductor materials, while tensile
strain affects those properties in the opposite way.?!
Strain is induced in the ErAs:InGaAlAs thin film
when the film is cooled to room temperature after
bonding onto a sapphire substrate at 300°C because
of the thermal expansion mismatch between the
thin film and the sapphire substrate. To calculate
this strain, the bimetallic thermostat model was
applied.?? We assume that the strain on the thin
film is zero at the annealing temperature, 300°C,
because the bonds are so weak at room temperature
before annealing that they are broken and rear-
ranged when heated to the annealing temperature,
maintaining zero strain at the interface. Once the
bond is strengthened by the heat treatment at
300°C, the two mating surfaces do not slide against
each other as temperature changes afterward, but
the whole samples are mechanically bent to com-
pensate for the mismatch of thermal strains. The

280 T 1 T T T T T T T° I

| s

200; §§§ _
180-—§ _

yRmis O 06%Er ||
O 0.3% Er

Seebeck coefficient (uV K™)

140 S [N R L s | R
300 400 500 600 700 800 900

Temperature (K)

Fig. 7. Seebeck coefficient versus temperature of 2 ym ErAs:
(InGaAs)g g(INAlAS)g » thin films with 0.3% and 0.6% Er concentra-
tions bonded on sapphire substrates.

stress parallel to the interface, i.e., in the x-direc-
tion, on the thin film induced by the mechanical
bending after it has cooled from the annealing
temperature is given by*?

Ao - AT [1
Mg

P, =

+3(tf +ts)Df:| ’ (3)

teD

where Ao = os — of is the difference of thermal
expansion coefficients between the sapphire sub-
strate and the thin film, AT is the temperature
change, and

E

D¢ = ;tf

12(1-v2)

3

D, B!

“13(1-07)
D = D¢ + Dy
i:i ﬁ é S(tf+ts)2

12 |Ds Dy D ’

where E¢ and E, are the Young’s moduli, and vy and
vs are the Poisson’s ratios of the thin film and the
substrate, respectively. The actual stress parallel to
the interface depends on the position in the x-direc-
tion and tends to zero at the edge of the bonded
surface, but it remains largely constant along most
of the thin film except near the edge. The stress
perpendicular to the interface is zero at all positions.

The biaxial strain parallel to the interface was
then finally calculated using Eq. 3 as

(livf)'Px

E 4)

&y =

The properties used for strain calculation are
presented in Table I, and are all assumed to be
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Table I. Properties of ErAs:InGaAlAs, sapphire (c-plane) substrate, and InP (001) substrate used for strain

calculation

ErAs:InGa(Al)As? Sapphire (c-Plane) InP (001) Substrate
Thermal expansion coefficient, o (K1) 6.0 x 107 7.4 x 107 5.5 x 107"
Young’s modulus, E (N/m?) 6.73 x 10° 3.45 x 10! 6.11 x 10°
Poisson’s ratio, v 0.33 0.29 0.36
Thickness, ¢ (um) 2.0 430 520

2A1] from the properties of InGaAs lattice-matched to InP. PAveraged from room temperature to 300°C.

independent of temperature. Temperature-aver-
aged values were used for thermal expansion coef-
ficients. Based on the properties in Table I, the
room-temperature strain parallel to the interface on
the ErAs:InGaAlAs thin film bonded on a sapphire
substrate was found to be —2.9 x 10, which is
compressive. On the other hand, the thin film on the
original InP substrate also experiences strain
because the thermal expansion coefficients of the
thin film and the InP substrate are not the same,
although they are lattice matched. The strain in-
duced in the thin film on the original InP substrate
when it is cooled from the annealing temperature
was calculated using Eq. 4 to be 1.0 x 10~*, which
is tensile. Therefore, the total strain change on the
thin film after the bonding was the difference of the
two calculated strains, i.e., compressive strain of
3.9 x 10 * at room temperature. The magnitude of
the strain decreases as the sample temperature
increases, and becomes zero when the temperature
reaches the annealing temperature, 300°C.

In order to study the effect of strain on electrical
conductivity, a sample-bending apparatus was built
to apply a mechanical tensile strain to the thin film
on a sapphire substrate. A schematic of a sample
bent by the apparatus is illustrated in Fig. 8 with
some parameters defined to calculate how much
strain is applied. The center of the backside of the
sapphire substrate is pushed upward by a screw
from the bottom by a height a, while the four edges
are clamped by holder arms. The length of the thin
film is elongated from [ to [’ by the push-up, and
thus a tensile strain is applied to the thin film.
Assuming that a is much smaller than /, the tensile
strain parallel to the surface can be calculated using
the parameters defined in Fig. 8 as

I!'—-1 d 4ad

I T2r 12 ®)
The room-temperature electrical conductivity was
measured at varying strain for the 0.6%
ErAs:InGaAlAs film bonded on a sapphire substrate
to study the effect of strain on the electrical con-
ductivity. Figure 9 shows the measured electrical
conductivity as a function of tensile strain. The
electrical conductivity of the sample was
350 Q' em ! at room temperature without any

E =

Fig. 8. Schematic diagram of a bending experiment. A thin film of
thickness d and length / is at the position described by the dotted
lines at rest. When pushed upward at the bottom center by the height
a, the thin film is bent up and elongated to length I’ with tensile strain.

364 T T T T T T T T T T T
Slope = 2.3 (Q" cm") per 1x10™ strain

362

360

358

356

354

Electrical conductivity (Q'1 cm'1)

352

350 : : : : :
0 1 2 3 4 5 6
Tensile strain x 107
Fig. 9. Room-temperature electrical conductivity versus tensile

strain for the 0.6% ErAs:InGaAlAs thin film bonded on a sapphire
substrate.
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intentional bending. However, as the sample bend-
ing intensified, the electrical conductivity increased
linearly with tensile strain, as shown in Fig. 9. The
conductivity increase due to tensile strain was
2.3 Q0 'em ! per1 x 107* strain. If one recalls that
the calculated strain change due to thermal expan-
sion mismatch after bonding was 3.9 x 107%,

the total conductivity change should be
(2.3/100") x 3.9 x 109 =897Q 'em™', which
closely matches the measured difference,

9.5 Q! cm™!, between the two samples on the InP
and the sapphire substrates at room temperature
shown in Fig. 4.

The strain effect is reduced as temperature
increases up to the bonding temperature, 300°C,
because the compressive strain on the bonded film
decreases with increasing temperature, and finally
becomes zero at the bonding temperature. There-
fore, the decreasing strain makes the discrepancy in
electrical conductivity decrease with temperature
up to the bonding temperature, or until substrate
conduction starts to affect the conductivity in the
sample on the InP substrate. Beyond the bonding
temperature, the strain becomes tensile, and the
magnitude of the tensile strain increases with
increasing temperature. The conductivity change
due to the tensile strain at 840 K was calculated to
be 8.7 Q71 cm !, assuming the same increasing rate
of conductivity per strain as in Fig. 9. This change is
less than 2% of the conductivity value,
550 Q! cm ™!, measured at 840 K.

CONCLUSIONS

We have established a device fabrication method
based on Si0,—SiO5 bonding to prepare samples for
high-temperature measurements of thermoelectric
and electrical properties of thin-film III-V semicon-
ductors, especially for materials that are affected by
substrate parasitic conduction at high temperature.
This sample preparation method includes high-
temperature surface passivation with ICP PECVD
SiN, and PECVD SiO, layers, and high-tempera-
ture metallization with a Ti-W-N diffusion barrier.
Electrical conductivities and Seebeck coefficients of
2 um 0.3% and 0.6% ErAs:InGaAlAs thin films were
measured up to 840 K, and the 0.6% Er sample
showed a thermoelectric power factor of
3.17 x 103 W m ! K2 at 840 K with no substrate
effect included. The discrepancy in the electrical
conductivities between the original thin film on the
InP substrate and the one bonded to a sapphire
substrate was mainly attributed to the effect of
strain. The discrepancy was, however, quite small,
estimated as within 2% at 840 K. The proposed
sample fabrication and measurement methods
can potentially be used in many applications,
including various energy conversion applications,
that utilize thin-film semiconductor materials at
high temperatures.

ACKNOWLEDGEMENTS

The authors are grateful to Dr. Chris Palmstrgm
and Dr. Mihal Gross for their helpful discussions.
This work is supported by the ONR MURI Therm-
ionic Energy Conversion Center.

OPEN ACCESS

This article is distributed under the terms of the
Creative Commons Attribution Noncommercial Li-
cense which permits any noncommercial use, dis-
tribution, and reproduction in any medium,
provided the original author(s) and source are
credited.

REFERENCES

1. G.J. Snyder and E.S. Toberer, Nat. Mater. 7, 105 (2008).

2. M.S. Dresselhaus, G. Chen, M.Y. Tang, R.G. Yang, H. Lee,
D.Z. Wang, Z.F. Ren, J.-P. Fleurial, and P. Gogna, Adv.
Mater. 19, 1043 (2007).

3. National Research Council (U.S.). Materials for high temper-
ature semiconductor devices. (Washington, DC: National
Academy Press, 1995).

4. A. Goetzberger, C. Hebling, and H.-W. Schock, Mater. Sci.
Eng. R-Rep. 40, 1 (2003).

5. W. Kim, J.M.O. Zide, A.C. Gossard, D. Klenov, S. Stemmer,
A. Shakouri, and A. Majumdar, Phys. Rev. Lett. 96, 045901
(2006).

6. M. Zebarjadi, K. Esfarjani, A. Shakouri, Z. Bian, J.-H. Bahk,
G. Zeng, J. Bowers, H. Lu, J. Zide, and A. Gossard, J. Elec-
tron. Mater. 38, 954 (2009).

7. M. Zebarjadi, K. Esfarjani, A. Shakouri, J.-H. Bahk, Z. Bian,
G. Zeng, J. Bowers, H. Lu, J. Zide, and A. Gossard, Appl.
Phys. Lett. 94, 202105 (2009).

8. G. Zeng, J.-H. Bahk, J.E. Bowers, J.M.O. Zide, A.C. Gossard,
Z. Bian, R. Singh, Z. Bian, A. Shakouri, W. Kim, S. Singer,
and A. Majumdar, Appl. Phys. Lett. 91, 263510 (2007).

9. G. Zeng, J.-H. Bahk, J.E. Bowers, H. Lu, J. M.O. Zide, A.C.
Gossard, R. Singh, Z. Bian, A. Shakouri, S.L. Singer, W.
Kim, and A. Majumdar, J. Electron. Mater. 37, 1786 (2008).

10. D.C. Driscoll, M.P. Hanson, E. Mueller, and A.C. Gossard,
J. Cryst. Growth 251, 243 (2003).

11. J.M. Zide, D.O. Klenov, S. Stemmer, A. Gossard, G.H. Zeng,
J.E. Bowers, D. Vashaee, and A. Shakouri, Appl. Phys. Lett.
87, 112102 (2005).

12. D.O. Klenov, D.C. Driscoll, A.C. Gossard, and S. Stemmer,
Appl. Phys. Lett. 86, 111912 (2005).

13. D. Liang, A.W. Fang, H. Park, T.E. Reynolds, K. Warner,
D.C. Oakley, and J.E. Bowers, J. Electron. Mater. 37, 1552
(2008).

14. Q.Y. Tong and U. Gosele, Semiconductor Wafer Bonding:
Science and Technology (New York: Wiley, 1998).

15. N.J. Kadhim and D. Mukherjee, J. Mater. Sci. Lett. 18, 229
(1999).

16. L.J. Van der Pauw, Philips Res. Rep. 13, 1 (1958).

17. S.H. Lee, 1. Lee, and J. Yi, Surf. Coat. Technol. 153, 67
(2002).

18. M. Medjdoub, J.L. Courant, H. Maher, and G. Post, Mater.
Sci. Eng. B 80, 252 (2001).

19. J. Mort and F. Jansen, Plasma Deposited Thin Films (Boca
Raton: CRC, 1986), p. 135.

20. A.V. Kuchuk, V.P. Kladko, V.F. Machulin, A. Piotrowska,
E. Kaminska, K. Golaszewska, R. Ratajczak, and R.
Minikayev, Rev. Adv. Mater. Sci. 8, 22 (2004).

21. L. A. Coldren and S. W. Corzine, Diode Lasers and Photonic
Integrated Circuits, App. 11 (New York: Wiley-Interscience,
1995).

22. E. Suhir, J. Appl. Mech. 53, 657 (1986).



	High-Temperature Thermoelectric Characterization of III--V Semiconductor Thin Films by Oxide Bonding
	Abstract
	Introduction
	Device Fabrication
	High-Temperature Measurements
	Results and Analysis
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




