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The deformation potential constants at theG point of Ge epitaxial films on Sis100d were determined by a
combination of x-ray diffraction and photoreflectance measurements. The in-plane tensile strain in the Ge thin
films was engineered by growth at different temperatures in ultrahigh vacuum chemical vapor deposition and
by backside silicidation. Photoreflectance measurements and data analysis give the direct band gaps from the
maxima of the light- and the heavy-hole bands to the bottom ofG valley, namely,Eg

Gslhd andEg
Gshhd. From the

relationship between the direct band gap and the in-plane strain measured by x-ray diffraction, the dilational
deformation potential of the direct band gap of Gea, and the shear deformation potential of the valence band
b were determined to be −8.97±0.16 eV and −1.88±0.12 eV, respectively. These basic constants of Ge are
very important for the design of strain-engineered devices based on epitaxial Ge.
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I. INTRODUCTION

In recent years, there has been an extensive study con-
cerning the effect of strain on the band structure of semicon-
ductors due to potential applications in electronic and opto-
electronic devices. Strained III-V semiconductor quantum
well structures have been applied to low threshold laser
diodes.1 Strained Si on the SiGe alloy layer has been devel-
oped for high-frequency complimentary metal-oxide-
semiconductor devices.2–4 In our previous studies, we have
shown that tensile strained Ge films epitaxially grown on Si
have higher absorption coefficients in the near-infrared re-
gime than bulk Ge due to the tensile strain induced direct
band-gap shrinkage, and are good candidates for near-
infrared photodetectors in telecommunications.5–7 However,
due to the fact that Ge is usually only considered as an indi-
rect band-gap material, there have been relatively few studies
in the literature on the direct band-gap of Ge, which is cru-
cial for its optoelectronic properties. Furthermore, due to the
brittleness of Ge bulk material all the previous experimental
studies on the effect of stress/strain on the band structure of
Ge have been based on uniaxial or hydrostatic compression
tests,8–17 and there have been no experimental reports on the
effect of biaxial tensile stress on the band structure of Ge
films, which is indispensable knowledge to engineer strained
Ge for epitaxy-based optoelectronic devices. In this paper,
we study the effect of biaxial tensile stress on the direct band
gap of Ge and derive the dilational and shear deformation
potential constantsa andb, for the direct band gap at room
temperature. These parameters are important for predicting
the effect of strain on the optoelectronic properties of Ge,
especially the biaxially stressed electronic and optoelectronic
devices based on epitaxial Ge.

II. EXPERIMENT

Epitaxial Ge films were deposited by a two-step ultrahigh
vacuum chemical vapor deposition(UHV-CVD) on double
side polished, 4-in. B dopedp+Sis100d substrates with a re-

sistivity of 0.001–0.002V cm. Low-temperature buffer lay-
ers of ,50 nm were deposited at 335°C to achieve planar
growth, followed by high-temperature depositions at 600,
650, 700 and 800°C, respectively, to obtain different tensile
strain in the Ge epitaxial films. Details of this growth method
were reported earlier.18 The film thickness ranges from
1.3 mm to 1.7mm, as determined by Rutherford backscatter-
ing. The surfaces of the Ge epitaxial films are very smooth,
with ,1 nm root-mean-square roughness as revealed by
atomic force microscopy(AFM). The threading dislocation
density of the as-grown films is,83108/cm2, as deter-
mined by transmission electron microscopy. The Ge films are
nominally undoped, and the secondary-ion mass spectrom-
etry shows a residual B concentration of,1014/cm3, most
likely due to the B diffusion from thep+ Si substrate during
the growth. Since the film thickness is far greater than the
critical thickness for pseudomorphic growth of Ge on Si
(about a few monolayers),19 the films are almost fully re-
laxed at the growth temperaturesù600°Cd. Upon cooling to
room temperature, tensile strain is accumulated in the Ge
films due to the larger thermal expansion coefficient of the
Ge film compared with the Si substrate.5,6 In UHV-CVD
deposition, Ge films are naturally deposited on both sides of
the double side polished Sis100d wafers, which provides a
nearly perfect biaxial stress state in the Ge films. To further
increase the strain in the front side Ge film, the backside Ge
was etched off by H2O2 followed by the deposition of Ti
films of 1.2–1.5mm on the backside of the wafer and rapid
thermal annealing to form 3.0–3.8mm of C54-TiSi2. The
large tensile stresss,2 GPad in the C54-TiSi2 film induces a
slight bending of the wafer toward the backside and further
enhances the strain in the frontside Ge film by,0.05%.
Details of this backside silicidation process have been re-
ported elsewhere.7 Samples,131 cm2 in sizes were cut
from the wafer for x-ray diffraction(XRD) and photoreflec-
tance (PR) measurements. The XRD was carried out on a
Rigaku 250 mm high-resolution Bragg Brettano diffracto-
meter with CuKa irradiation. The strain in the epitaxial Ge
films was measured by comparing the Ges400d and (422)
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peak positions inu-2u XRD step scans of the Ge thin films
with a lightly dopedn-type 2-in. Ges100d single-crystal wa-
fer. The XRD step scan was carried out at 0.002° per step
with a data collection time of 2 sec/step. Before each scan of
Ge/Sis100d samples, the diffractometer was calibrated in
such a way that theKa1 diffraction peak of Sis400d from the
substrate was maximized and at its theoretical positionsu
=34.566°d. PR measurement was employed to determine the
direct band gaps of the Ge films. A 488 nm Ar laser with a
power of 10 mW was used as the pump source and was
modulated at a frequency of 201 Hz by a chopper to achieve
electric-field modulation on the sample surface. A halogen
lamp with scanning monochrometer was used as the light
source for reflectivity measurements. The monochrometer
scanned at 0.5 nm/step with a Rayleigh resolution of 16 nm
and the data collection time was 60 sec/step. Data fitting
with the third derivative spectroscopy model20 and the gen-

eralized theory of Franz-Keldysh oscillations21–23 give the
direct band gaps from the maximum of the light- and the
heavy-hole bands to the bottom ofG valley, namely,Eg

Gslhd
andEg

Gshhd. The dilational deformation potential of the direct
bandgap of Gea, and the shear deformation potential of the
valence bandb, were derived from the direct band gap versus
strain relationship.

III. RESULTS AND DISCUSSIONS

The strain in the Ge epitaxial films on Si was determined
by XRD. As representative examples, Fig. 1 shows the
Ges400d and (422) diffraction peaks of the bulk Ges100d
sample, the Ge/Si sample grown at 700°C and the
Ge/Si/3.0mm C54-TiSi2 sample. The(400) peaks of Ge
epitaxial films [Figs. 1(b) and 1(c)] shift significantly to
higher 2u angles with respect to the bulk Ge sample
[Fig.1(a)], indicating the existence of tensile stress in the Ge
films. TheKa1 peak positions were determined by the para-
bolic top method and used to calculate the lattice spacing of
Ges400d and (422) planes. The lattice parameter determined
for bulk Ge is 0.565 80 nm, highly consistent with the value
reported in literature24 and indicating the accuracy of our
XRD measurements. For the Ge epitaxial films on Sis100d,
the in-plane strain«uu and the strain perpendicular to the film
«' can be determined from the XRD data by

«' = «400,

«uu = 3«422− 2«400. s1d

Here «400 and «422 are the strain in the[400] and [422] di-
rections of the Ge film, respectively. We also carried out
(422) scans of the Ge epitaxial film in two orthogonal direc-
tions, i.e., [011] and f011g, to check any strain relaxation
anisotropy. Within the range of experimental error, no aniso-
tropy in the strain relaxation was observed. Therefore,«uu is
isotropic in the plane of the Ge film. Table I summarizes«uu

FIG. 1. Ges400d (black lines) and (422) (gray lines) x-ray dif-
fraction peaks of(a) bulk Ges100d wafer, (b) Ge on Si grown at
700°C, and(c) Ge/Si/3.0mm C54-TiSi2. The intensity of the
Ges422d peaks are magnified by a factor of 7. The shift of the peaks
to higher 2u angles in(b) and (c) compared with(a) indicates the
existence of tensile stress in the Ge epitaxial films on Si. The inset
of the figure schematically shows the backside silicidation process.

TABLE I. Strain and direct band gaps of the epitaxial Ge films on Si(100) used in this study.

Ge growth
temperature

s°Cd

Backside
C54-TiSi2
thickness

smmd

«400s%d «422s%d «uus%d «'s%d «uu /«'
Eg

Gslhd
(eV)

Eg
Gshhd
(eV)

600 N/A −0.0977
±0.0013

−0.0213
±0.0010

0.131
±0.004

−0.0977
±0.0013

−1.34
±0.06

0.7815
±0.0005

0.7903
±0.0006

650 N/A −0.1298
±0.0015

−0.0298
±0.0010

0.170
±0.004

−0.1298
±0.0015

−1.31
±0.05

0.7758
±0.0006

0.7873
±0.0006

700 N/A −0.1390
±0.0015

−0.0318
±0.0011

0.183
±0.004

−0.139
±0.0015

−1.32
±0.04

0.7743
±0.0005

0.7863
±0.0005

800 N/A −0.1452
±0.0014

−0.0314
±0.0012

0.196
±0.005

−0.1452
±0.0014

−1.35
±0.05

0.7727
±0.0004

0.7852
±0.0005

800 3.0 −0.1805
±0.0015

−0.0403
±0.0010

0.240
±0.004

−0.1805
±0.0015

−1.33
±0.03

0.7656
±0.0007

0.7815
±0.0005

800 3.8 −0.1846
±0.0015

−0.0394
±0.0012

0.251
±0.005

−0.1846
±0.0015

−1.36
±0.03

0.7640
±0.0007

0.7805
±0.0005
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and «' of each sample. In theory, we have«uu /«'

=−C11/ s2C12d=−1.33 under biaxial stress, using C11

=128.5 GPa and C12=48.3 GPa(Ref. 24) for bulk Ge. In our
measurements we found«uu /«'=−1.33±0.05% for our Ge
epitaxial films grown on Si, which is identical to the bulk Ge
value within the experimental error. This result again reflects
the accuracy of the strain measurements.

The same samples used in XRD were subjected to PR
measurement to establish a one to one correspondence be-
tween the direct band gap of Ge and the in-plane strain«i.
The PR data of the bulk Ge was fit with the conventional
third derivative spectroscopy model since the surface electric
field in bulk Ge is usually low.20 The fitting gives Eg

G

=0.8005±0.0007 eV for the unstressed bulk Ge[Fig. 2(a)],
in good agreement with the literature and attesting to the
accuracy of our PR measurement system.24 For the Ge epi-
taxial films onp+ Si, however, there is a significant builtin
electric field and the third derivative model(low-field ap-
proximation) cannot fit the data so well anymore. Therefore,
the PR data from Ge epitaxial films on Si were analyzed by
the generalized Franz-Keldysh theory developed by Shenet
al.21,22 For the fundamental band-gap transitions,

DR/R~ Resd«d, s2ad

whered« is the change in the dielectric constant given by

d«sE,Fdc,Facd = «sE,Fdcd − «sE,Fdc − Facd

= D«sE,Fdcd − D«sE,Fdc − Facd. s2bd

In Eq. (2b), E is the incident photon energy,Fdc is the builtin
electric field in the intrinsic Ge epitaxial film grown onp+

Sis100d, Fac is the electric field induced by the ac modulation
of the chopped pump laser, and

D«sE,Fd = «sE,Fd − «sE,0d. s2cd

In our case, as the light- and heavy-hole valence bands of Ge
become nondegenerate under biaxial stress,25 the spectrum is
the sum of contributions from light- and heavy-hole band

transitions, characterized by band gapsEg
Gslhd and Eg

Gshhd,
respectively. Therefore, we have

D«sE,Fd = s1/E2dhBlhs"Qlhd1/2fGshlhd + iFshlhdg

+ Bhhs"Qhhd1/2fGshhhd + iFshhhdgj, s3ad

where Blh and Bhh are constants for light- and heavy-hole
transitions, respectively;Gshdand Fshd are electro-optic
functions given in Refs. 21–23, and

hlh = fEg
Gslhd − E − iglhg/"Qlh,

hhh = fEg
Gshhd − E − ighhg/"Qhh. s3bd

In Eq. (3b), glh and ghh are the broadening factors of light-
and heavy-hole band transitions, respectively;"Qlh and"Qhh
are the electro-optical energies of light- and heavy-hole band
transitions, respectively, given by

"Qlh = sq2"2F2/2mlh,uud1/3,

"Qhh = sq2"2F2/2mhh,uud1/3, s3cd

where q is the electron charge," is Planck’s constanth
divided by 2p, F is the electric field, andmlh,uu andmhh,uu are
the reduced mass of electron-hole pairs of light and heavy
holes in the direction parallel to the electric fieldF, respec-
tively. With Eqs.(2a)–(3c), we are able to fit the PR spectra
of epitaxial Ge films on Si. This model fits the experimental
data quite well, with correlation coefficients greater than
0.98, as shown in Figs. 2(b) and 2(c). The derived band gaps
Eg

Gslhd andEg
Gshhd are presented in Table I.

One has to be careful when relating the direct band-gap
values at theG point measured by PR to the strain measured
by XRD. X ray is able to penetrate the whole Ge film and the
strain measured by XRD is an average over the depth of the
film. In PR measurements, however, the probed depth is de-
termined by the carrier diffusion length,23 which can be
smaller than the depth of the films. From thep-i-n diode
performance of our epitaxial Ge/Si photodetectors, we de-
rived that the carrier mobility and lifetime were
3500 cm2/V sec and 0.8 ns, respectively, for cyclic annealed
Ge films with a threading dislocation density of,2
3107/cm2.26 Since the minority carrier lifetime is known to
be inversely proportional to the dislocation density in Ge,27

we estimate the minority carrier lifetime of the Ge epitaxial
films used in this study(with a threading dislocation density
of ,83108/cm2) is ,0.02 ns. It is also known that the car-
rier mobility and diffusivity in Ge at room temperature are
relatively insensitive to the dislocation scattering up to a dis-
location density in the order of 108/cm2 (Ref. 28). Actually,
the carrier diffusivity parallel to the dislocations,Duu
=400±100 cm2/sec, is greater than that in dislocation-free
Ge s100 cm2/secd, while the diffusivity perpendicular to the
dislocations,D'=80±30 cm2/sec, is slightly smaller than
that in dislocation-free Ge. Even with the lower limit ofD'

s50 cm2/secd, we still get a carrier diffusion length ofL
=ÎDt,300 nm. Note that in our samples the carrier diffu-
sion length should be greater than this value, because in PR
measurements the carriers diffuse in the direction perpen-
dicular to the film, which is mostly parallel to the threading

FIG. 2. PhotoreflectancesDR/Rd spectra of(a) bulk Ges100d
wafer, (b) Ge/Si grown at 700°C, and(c) Ge/Si/3.0mm
C54-TiSi2 sample. The spectrum of the bulk Ge sample was fitted
with the conventional third derivative model, while those of Ge/Si
and Ge/Si/C54-TiSi2 samples were fit with the generalized theory
of Franz-Keldysh oscillations. The fitting yields the direct bandgaps
of the bulk Ge andEg

Gslhd andEg
Gshhd of Ge epitaxial films.
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dislocations(mostly 90° and 60° dislocations).18 This means
the real diffusivity should be closer toDuu and greater than
D'. Therefore, we can conclude that the probing depth of
PR, determined by the carrier diffusion length, is at least
300 nm. If there were significant surface stress relaxation in
the Ge films typically characterized by the formation of a
wavy surface or islanding, then the strain in the top 300 nm
Ge surface layer would be smaller than that measured by
XRD and we would not be able to relate the band gaps mea-
sured by PR to the strain measured by XRD. In our case,
AFM has confirmed that the surfaces of the Ge epitaxial
films used in this study are very smooth, with a root-mean-
square roughness of,1 nm, i.e., there is no sign of surface
stress relaxation or islanding in the epitaxial Ge films and the
roughness is much smaller than the detection depth
s.300 nmd of PR. Therefore, it is safe to state that the strain
in the top 300 nm of the Ge film should not be affected by
the trivial surface roughness, and that it is valid to establish a
one to one correspondence between the direct band gap of
Ge and the in-plane strain«uu from our experimental results.

The relationship between the direct band gapsEg
Gslhdand

Eg
Gshhd, and the in-plane strain«uu is plotted in Fig. 3. The

error bars are within the symbols of the data points. Accord-
ing to deformation potential theory, this relationship is given
by 12,25

Eg
Gslh,«uud = Eg

Gs0d + as«' + 2«uud + D0/2 − 1/4dE100

− 1/2ÎD0
2 + D0dE100+ 9/4sdE100d2, s4ad

Eg
Gshh,«uud = Eg

Gs0d + as«' + 2«uud + 1/2dE100, s4bd

whereEg
Gslh ,«uud and Eg

Gshh,«uud are the band gaps from the
maxima of the light- and heavy-hole valence bands to the
bottom ofG valley under an in-plane strain«uu, respectively.
Eg

Gs0d=0.8005±0.0007 eV is the direct band gap of un-
strained bulk Ge at room temperature, as determined in this
study; a and b are deformation potential constants of[100]
Ge at room temperature;dE100=2bs«'−«uud; and D0

=0.289eV from our PR measurement of the split-off band
transition of the bulk Ge. By fitting the experimental data in
Fig. 3 with Eqs.(4a) and(4b) and[note in Eqs.(4a) and(4b),
«' can be substituted by«'=−«uu /1.33 as shown in Table I],
we obtain a=−8.97±0.16 eV andb=−1.88±0.12 eV. The
error bars ofa andb are determined in the following way: to
reflect the effect of the error bars of each data point in Fig. 3
on the uncertainties ofa andb, we have written a computer
code to generate randomly 10 000 sets ofEg

Gslhd andEg
Gshhd

vs «uu data within their error bars listed in Table I, do a curve
fit for each set of data to geta and b, and finally do a
statistics on the distribution ofa andb due to the variation of
the experimental data points within their error bars. The av-
erage values ofa and b are −8.97 and −1.88 eV, respec-
tively. Ninety percent of the data fall into the range ofa
=−8.97±0.16 eV andb=−1.88±0.12 eV. Therefore, the de-
formation potential constant data obtained above guarantee
90% confidence. These values are compared with earlier ex-
perimental data from literature in Table II. TypicallydEg

G /dP
(change in direct band gap per unit pressure) instead ofa was
directly measured from previous experiments and reported in
the literature, so we have converted it intoa for comparison
with our result by the relation:29

a = −
sC11 + 2C12d

3

dEg
G

dP
. s5d

All the literature values were measured from either hydro-
static or uniaxial compression tests of single-crystal Ge
samples. Looking through Table II, thea value obtained in
this work is only consistent with Ref. 12(uniaxial compres-
sion test, room temperature) and Ref. 16(hydrostatic com-
pression test, room temperature). The value ofubu obtained in
this work is consistent with the lower values reported in lit-
erature, i.e., Refs. 8–10. As can be seen from Table II, the
deformation potential constants reported in literature varied
significantly, with the highest reported values greater than

FIG. 3. The direct band gaps of Ge as a function of in-plane
strain obtained from PR and XRD measurements. The open square
(n) is the data of unstrained bulk Ges100d single crystal. The solid
circles (P) show the band-gap shrinkage of Ge/Si samples grown
at different temperatures, while the open circles(s) show further
band-gap shrinkage induced by backside silicidation. The black
lines show the fitting to the experimental data with Eqs.(4a) and
(4b). Deformation potential valuesa=−8.97±0.16 eV andb
=−1.88±0.12 eV are derived from the fitting.

TABLE II. Comparison of the deformation potential constants
obtained in this work with the literature.

This work Literature Reference

−8.0 11

−9.0±0.4 12

aseVd −8.97±0.16 −9.08±0.15 16

−10.3±0.4 17

−10.4±0.8 14

−11.5±0.4 15

−1.8±0.3 8

−1.9±0.2(Al doped Ge) 9

−2.2±0.2(In doped Ge) 9

bseVd −1.88±0.12 −2.21±0.13 10

−2.4±0.2 11

−2.6±0.2 12

−2.7±0.3 13

−2.86±0.15 14
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the lowest ones by as much as,50%. This large dispersion
may result from the nonuniformity of the stress in the
samples, especially in the uniaxial compression tests where
the samples tend to bend and deviate from the ideal uniaxial
compression. In our samples, the biaxial tensile stress in the
Ge epitaxial films was induced by the thermal mismatch be-
tween Ge and Si, which gives more uniform stress in the Ge
material. While previous measurements sampled a large
range of strain up to several percent, the current work has
more data points in the small strain regimes,0.25%d,
which is more consistent with the basic assumptions of de-
formation potential theory, i.e., the strain Hamiltonian is
much less than the spin-orbit Hamiltonian. The XRD diffrac-
tion method used in the present study also gives a rather
accurate measurement of small strains. Thus, the error bars
of the deformation potential constants in this work are
smaller than most previous experimental reports. The defor-
mation potential valuesa andb are obtained for the biaxially
tensile stressed Ge. The deformation potential constants ob-
tained in this study are especially suitable for the design of
electronic and optoelectronic devices based on epitaxial Ge

and SiGe, for these planar devices are exactly in the biaxial
stress state.

IV. CONCLUSIONS

The present paper has first reported the direct band gap vs
strain relationship of biaxially tensile stressed Ge epitaxial
films on Si through a combination of XRD and PR measure-
ments. Deformation potential valuesa=−8.97±0.16 eV and
b=−1.88±0.12 eV are derived from this relationship. The
uniformity of thermally induced stress in Ge films and the
accuracy of x-ray diffraction in determining the small strain
improve the preciseness of the measured deformation poten-
tial data. These basic constants of Ge are important for the
design of strain-engineered optoelectronic and electronic de-
vices based on epitaxial Ge and SiGe.
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