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J. L. Liua� and Z. Yang
Quantum Structures Laboratory, Department of Electrical Engineering, University of California
at Riverside, Riverside, California 92521

K. L. Wang
Device Research Laboratory, Department of Electrical Engineering, University of California
at Los Angeles, Los Angeles, California 90095

�Received 3 May 2005; accepted 6 December 2005; published online 20 January 2006�

High-quality SiGe and Ge thin films were grown on Si substrates by molecular-beam epitaxy using
a technique that combines SiGe composition grading and Sb surfactant mediation. Both
transmission electron microscopy and Schimmel defect etch measurements show that the Sb
surfactant-mediated SiGe graded buffer layers have lower dislocation densities than those without
an Sb surfactant. A systematic study of Sb surfactant-mediated graded buffers was carried out. The
relationship between the threading dislocation densities and the grading rates of the Sb
surfactant-mediated SiGe buffer layers was investigated. Moreover, p-i-n Ge photodiodes were
fabricated on Si substrates using Sb surfactant-mediated SiGe graded buffer layers. These
photodiodes exhibit very low dark current densities of about 0.15 mA/cm2 at the reverse bias of 1
V and high quantum efficiencies of 50%–72%. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2163013�
I. INTRODUCTION

Optical fiber communication is one of the fastest grow-
ing technologies over the last few years. Its further develop-
ment demands low-cost optical components that operate in
the near-infrared windows of fiber-optic transmission �1.3
and 1.55 �m�. The commercial technology is currently based
on InGaAs/ InP materials. Ge photodetector integrated on Si
is an alternative for this purpose owing to its band gap of
0.67 eV and full compatibility with modern Si technology.
Nevertheless, the large-scale practical application of this
kind of devices is not yet realized due to the difficulty in
growth of high-quality Ge films on Si with low threading
dislocation densities and smooth surfaces. Figure 1 shows
the typical result of direct growth of thick Ge film on Si. The
sample was grown at 450 °C and consisted of 100 nm Ge on
Si �100� substrate. A very rough surface is observed in the
bright-field image �Fig. 1�a��. The dark-field image �Fig.
1�b�� shows high-density dislocations, which are generated
in the Si/Ge interface and penetrated into the top Ge film.
Such a kind of film generally induces large leakage currents
and thus is not applicable in optoelectronics.

The difficulty of obtaining a high-quality Ge film on Si
arises from the 4.2% mismatch between the lattice constants
of Si and Ge. When Ge is deposited on Si, it first takes the
layer-by-layer format. Each Ge atom finds a Si lattice vertex
and sits there. This means that the lattice constant of Ge in
the lateral direction is forced to be equal to the lattice con-
stant of Si. Because the Ge lattice constant is larger than that
of Si, the compressive strain is built in the Ge film. When the
film thickness reaches about 6 Å, the strain energy is so large
that the film becomes rough, in other words, the two-
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dimensional film transforms into three-dimensional islands
to accommodate strain. This growth mode is the so-called
Stranski-Krastanov mode. High-density islands on the sur-
face are referred to as self-assembled Ge quantum dots.
When the film thickness is larger than 20 Å, the film defor-
mation is not enough to accommodate the increased strain
energy and misfit dislocations are generated in the interface.
These misfit dislocations penetrate through the film and form
threading dislocations. The more these dislocations are, the
worse the film quality is.

FIG. 1. Direct growth of 100 nm Ge on Si. �a� Bright-field TEM image
shows a very rough surface and �b� Dark-field image shows high-density

threading dislocations.

© 2006 American Institute of Physics4-1
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In order to grow high-quality Ge on Si, several methods
were previously attempted. One is to grow compositionally
graded SiGe layers at high temperatures �typically at 700–
900 °C� with a typical grading rate of 10% Ge per 1 �m.1

The second one is to use a low-temperature Si buffer �typi-
cally grown at 400 °C� on which a SiGe layer is grown at
about 550 °C.2 Another one is to introduce impurities, such
as carbon, to adjust strain.3 For many applications, one re-
quires high-quality films grown on relatively thin SiGe
buffer layers in order to minimize the cost. However, a rela-
tively thin buffer fabricated by the above methods leads to a
high residual strain degree, and/or a large number of thread-
ing dislocations propagating into the film on top. The struc-
tural quality of the film is degraded and the devices fabri-
cated have poor performance.

The aim of the present paper is to systematically under-
stand the Sb surfactant-mediated graded buffer layer growth
technique, which was originally reported in Ref. 4 and leads
to the growth of high-quality Ge films on Si using SiGe
buffers with steep grading rates.5 We will give quantitative
explanation for the threading dislocation density reduction as
a result of combining the surfactant mediation and composi-
tion grading.

FIG. 2. Schematic diagrams of �a� JL154, 1 ML Sb was deposited before the
growth of the structure, �b� JL165, the growth temperature is 700 °C, �c�
JL217, the growth temperature is 510 °C, and �d� JL181, the low-
temperature Si layer was grown at 200 °C, followed by SiGe deposition at
510 °C. The Ge concentration x in the SiGe buffer layers ranges from 0 at
the beginning to 0.5 in the end.

TABLE I. Sample characterization data.

Sample
Raman
Ge x

X-ray

Ge x Relaxation

JL154 0.44 0.48 96
JL165 0.47 0.5 100
JL217 0.5 0.52 92
JL181 0.45 0.48 100

aSR: surface roughness.
b
TD: threading dislocation density.
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II. EXPERIMENTAL RESULTS

A solid-source molecular-beam epitaxy �MBE� was used
for sample growth. In order to show the effect of Sb surfac-
tant mediation and composition grading on the quality of the
SiGe films, we compared three samples having different
growth conditions. Figure 2 shows the schematics of the
structures. All samples have the same top-layer Ge mole
fraction of 0.5. Samples JL154, JL165, and JL217 consist of
a 2 �m graded SiGe with a grading rate of 25% Ge per
1 �m, followed by a 0.3 �m Si0.5Ge0.5 buffer. Sample JL154
was grown at 510 °C. One monolayer �ML� Sb was also
deposited and no Sb predeposition was used for samples
JL165, JL217, and JL181. Samples JL165 and JL217 were
grown at 700 and 510 °C, respectively. Sample JL181 was
simply a low-temperature SiGe-assisted 300-nm-thick
Si0.5Ge0.5 film. The growth-temperature cycle used was the
same as that in the literature.6 The descriptions of the struc-
tures are shown in Table I.

Figure 3 shows the typical Raman spectra of the four
samples. Three strong first-order peaks, i.e., Ge–Ge, Si–Ge,
and Si–Si optical modes, are found for all samples. The Si–Si
mode frequencies are 489.92, 488.23, 485.94, and
489.61 cm−1 for JL154, JL165, JL217, and JL181, respec-

SRa

�Å�
TDb

�cm−2� Description

20 1.5�104 Sb, graded, 510 °C
161 5�108 Graded, 700 °C

38 �5�108 Graded, 510 °C
27 �5�108 Low-T assisted

FIG. 3. Raman spectra of the four samples. JL154 is an Sb-mediated graded
Si0.5Ge0.5 buffer grown at 510 °C. JL165 is a graded Si0.5Ge0.5 buffer grown
at 700 °C. JL217 is a graded Si0.5Ge0.5 buffer grown at 510 °C. JL181 is a
low-temperature-assisted Si0.5Ge0.5 buffer. Ge mole fraction on the top layer
of each sample is determined by �Si–Si to be 0.44, 0.47, 0.5, and 0.45 for
JL154, JL165, JL217, and JL181, respectively.
�%�
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tively. Considering the limited penetration depth of the Ar+

laser used in the Raman measurements, we conclude that
vibrational modes are from the top layer with constant Ge
mole fraction only. Assuming that the films are fully relaxed,
Ge mole fraction x of the samples can be estimated by the
following equation: �Si−Si�x�=520−68x,7 Ge mole fraction
in the top layer of each sample was determined to be 0.44,
0.47, 0.5, and 0.45 for samples JL154, JL165, JL217, and
JL181, respectively. These data are summarized in Table I.

In order to estimate both Ge mole fraction and the de-
gree of relaxation of the films, double-axis x-ray-diffraction
measurements were performed. Figures 4�a� and 4�b� show
the symmetric �004� and asymmetric �224� rocking curves of
the four samples, respectively. The angular distances of the
film peak relative to the substrate peak in these scans are
used to determine the Ge mole fraction and relaxation. The
results are shown in Table I. In addition, the intensity of the
layer peaks is fairly uniform up to 0.48 and 0.5 for samples
JL154 and JL165, respectively, which indicates a well-
controlled linear grading. For sample JL217, even though the
grading process is similar to that of samples JL154 and
JL165, the intensity of the layer peak does not show a uni-
form increase. This could be related to the film relaxation
process and is explained shortly.

FIG. 4. X-ray �a� symmetric �004� and �b� asymmetric �224� rocking curves
of the four samples, respectively. Ge mole fraction and relaxation can be
obtained by the angular distances of the film peak relative to the Si substrate
peak.
Surface morphology was measured with atomic force
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microscopy �AFM�. The images are shown in Fig. 5. As one
can see, long and straight cross-hatch misfit dislocation lines
are observed for samples JL154 and JL217, while those of
samples JL165 and JL181 are short and somehow kink, in-
dicating very high threading dislocation densities in samples
JL165 and JL181. The surface root-mean-square �rms�
roughness is estimated from these AFM images to be 20,
161, 38, and 27 Å for samples JL154, JL165, JL217, and
JL181, respectively.

Figure 6 shows bright-field cross-sectional transmission
electron microscopy �TEM� images of the samples, respec-
tively. For sample JL154, the dislocations occur near the bot-
tom of the buffer and the top Si0.5Ge0.5 layer is dislocation-
free. For samples JL165, JL217, and JL181, however, there
are high-density threading dislocations penetrating the top
Si0.5Ge0.5 layer.

In order to know the quantitative numbers of the dislo-
cations, we used the Schimmel defect etch method followed
by etch-pit counting with Nomarski microscopy.8 The solu-
tion consisted of one part 75 g CrO3 in 1000 ml H2O to two

FIG. 5. AFM images of the four samples. The rms roughnesses are obtained
to be 20, 161, 38, and 27 Å for samples JL154, JL165, JL217, and JL181,
respectively.
parts 48% HF. Figure 7 shows Nomarski images of as-etched
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samples JL154, JL165, JL217, and JL181. The etching was
carried out at room temperature by dipping the composition-
graded samples in the solution for 15 s and the low-
temperature-assisted sample in the solution for 5 s, respec-
tively. In the graded samples, �-step measurements indicate
that almost 0.55-�m-thick material has been etched away for
each sample, and thus the images were from the upper
graded layers of the samples. The etching results for the
samples are obviously different, and dislocation densities are
summarized in Table I.

In order to gain further insight into Sb surfactant-
mediated graded SiGe layers, we investigated the grading
rate dependence on the threading dislocation density. A series
of samples were grown by grading Ge from 0% to 50% Ge
with different grading layer thickness and the same
0.2-�m-thick Si0.5Ge0.5 layer on top. An Sb layer of one ML
thick was predeposited. Figure 8 shows an AFM image of an
Sb-mediated Si0.5Ge0.5 sample with only 1 �m of graded
layer. Even though there are long misfit dislocation lines,
threading dislocations glide to the top surface and appear as
dark holes. By counting the hole density, we obtain the
threading dislocation density to be 2�108 cm−2, which is the
same as obtained from the etched ones.

Figure 9 shows the threading dislocation density as a
function of grading rate. The threading dislocation density
decreases with decreasing grading rate. For comparison, the
threading dislocation densities of sample JL165 and samples
from the literatures are shown.3,9–12 All those samples were
grown at higher temperatures and had the final Ge mole frac-
tion of 0.5 at the end of the grading. For the same grading
rate, for example, 50% Ge per 1 �m, the threading disloca-
tion density for Sb-mediated samples is significantly lower
than those grown at higher temperatures only.

The experiments were also performed to grow Sb-
mediated graded samples at other final Ge concentrations.

FIG. 6. Bright-field TEM images of �a� JL154, �b� JL165, �c� JL217, and �d�
JL181, respectively.
Figures 10�a� and 10�b� show the AFM image of the top
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surface and the bright-field cross-sectional TEM image of a
sample with Ge composition graded to 100%, respectively.
The starting material is a p-type Si�100� with a resistivity of
15–30 � cm. The growth temperature was kept at 510 °C.
One ML Sb was deposited immediately after the deposition
of the Si buffer. The structure consists of the following lay-
ers: 100-nm-thick Si buffer, 4-�m-thick linearly graded
Si1−xGex with x from 0 to 1, and 0.9-�m-thick Ge film. Long

FIG. 7. The etched samples by Schimmel etchant for �a� JL154, �b� JL165,
�c� JL217, and �d� JL181. Threading dislocation densities are summarized in
Table I.
and straight misfit dislocation lines are evident from the
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AFM image. The rms surface roughness was measured to be
35 Å. High-density threading dislocations are clearly seen in
the graded buffer region only from the TEM image. In other
words, the top 0.9 �m Ge film of high quality with a very
low threading dislocation density is beyond the ability of the
TEM method.

Nomarski microscopy was used to characterize defect-
selectively-etched Ge samples with Sb surfactant-mediated
graded buffers to obtain quantitative numbers of threading
dislocations. The selective etchant was a mixture of
CH3COOH, HNO3, HF, and I2.13 Threading dislocation den-
sities were obtained by counting I-decorated pits on the sur-
faces. The density was characterized to be 5.4�105 cm−2 for
the sample shown in Fig. 10. Figure 11 shows the compari-
son of the threading dislocation densities of the Ge films

FIG. 8. AFM image of an Sb-mediated Si0.5Ge0.5 sample with only 1 �m
graded layer. Threading dislocations appear as holes on the surface and the
density is 2�108 cm−2.

FIG. 9. Threading dislocation density as a function of grading rate of Sb-
mediated graded SiGe films. The data from references are those of SiGe
films grown at temperatures higher than 700 °C and without surfactant me-

diation. See text for references.
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FIG. 10. �a� AFM image and �b� bright-field cross-sectional TEM image of
the Ge film with Sb surfactant-mediated graded SiGe buffer. The graded
FIG. 11. Threading dislocation densities in Ge films as functions of grading
rates of graded SiGe buffers underneath. The square symbols are from Sb-
mediated samples. The threading dislocation density of the sample with a
4 �m buffer is estimated to be 5.4�105 cm−2 from I-coated pits. The in-
verted triangles represent threading dislocation densities of samples grown
at temperatures higher than 700 °C from literature. The circles are threading
dislocation densities of the samples with Ge directly grown on Si �the grad-

ing rate is set to be 0�. See text for references.
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with Sb surfactant-mediated graded buffers and other meth-
ods from the literature.11–14 The threading dislocation densi-
ties of the samples with Sb surfactant-mediated graded buff-
ers are less than those by other methods when the grading
rate is about 50% or less. As the grading rate increases, the
threading dislocation density increases for both Sb-mediated
samples and those samples grown at higher temperatures.

III. DISCUSSION

It is interesting to discuss why the combination of Sb
surfactant and composition grading improves the film quality
markedly. For graded SiGe films grown at high temperatures
��700 °C�, certain amounts of threading dislocations
�106 cm−2 dislocation density for a graded layer with 10%
Ge per 1 �m grading rate� are needed to compensate misfit
strain and relax the films.1 For relaxed SiGe films grown on
low-temperature Si, the film relaxation relies on the termina-
tion of threading dislocations by point defects produced in
the low-temperature Si layer.15,16 Thus to obtain a low-
dislocation-density film, a certain amount of point defects is
needed in the low-temperature Si layer, which is obtained by
optimizing the Si layer thickness and its growth temperature.
For graded SiGe films grown only at intermediate tempera-
tures ��500 °C�, misfit dislocations cannot move effectively
during film growth and once the film builds enough strain
energy, it cracks abruptly by generating high-density thread-
ing dislocations. As the film continues to grow, film thick-
ness and Ge mole fraction increase and strain builds up
again. The relief of the strain will take place by generating
threading dislocations again at the upper layer �clearly
shown in the x-ray rocking curves of Fig. 4 and in the TEM
image of Fig. 6�c��. Graded SiGe films grown using Sb sur-
factant mediation at intermediate temperatures ��500 °C�
have the highest quality among those by other methods.

In order to obtain a clearer picture of Sb mediation on
the improvement of quality in graded SiGe films, we should
address the kinetic process of strain relaxation. The strain-
relaxation process of SiGe on Si has been widely discussed
and may be found in the literature.17–20 The mismatch f is
always the sum of the elastic strain � and plastic strain 	:

f = � + 	 . �1�

For a graded structure, f has a linear dependence in the
growth direction, therefore we can define the grading rate Cf

as

Cf = C� + C	. �2�

The elastic strain energy per unit area for a graded structure
with biaxial strain is therefore1

E� = YC�
2�

0

h

y2dy , �3�

where Y is Young’s modulus, h is the film thickness �graded
layer�, and dy is the unit thickness in the growth direction.

1
The plastic strain energy per unit area is
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E	 = 2C	hD�1 −



4
�ln�h

b
� , �4�

where D=Gb / �2��1−
��, G is the shear modulus, 
 is Pois-
son’s ratio, and b is the magnitude of the Burgers vector. The
total energy of the system is

Etotal = E� + E	. �5�

This energy can then be minimized with respect to the elastic
strain slope C�. This minimization defines the critical thick-
ness at which threading dislocations are introduced:

hC
2 =

3D�1 − �
/4��ln�hC/b�
YC�

. �6�

For film thickness larger than hC, the equilibrium plastic
strain gradient in the graded region is therefore

C	 = Cf −
3D�1 − �
/4��ln�h/b�

Yh2 . �7�

At great thickness, the second term in the above equation is
very small compared with the first term at the right-hand
side, therefore

C	 	 Cf . �8�

The plastic strain in a graded film of thickness h is simply

	 = C	h = Cfh . �9�

The first derivative of 	, i.e., the plastic strain rate, is there-
fore

	̇ = Cf
�h

�t
= CfRgr, �10�

where Rgr is the growth rate. If the density of threading dis-
locations is 
, the plastic strain rate can be expressed by1

	̇ = 1
2
b� , �11�

where � is the average misfit dislocation velocity. Empiri-
cally, � is expressed by19

� = �0� �eff

G
�m

exp�−
Qa

kT
� , �12�

where �eff is the effective stress21 and �0 and m are material
constants. Qa is the activation energy for dislocation glide.
By combining Eqs. �10�–�12�, one can easily obtain


 =
2Rgr

b�
Cf =

2Rgr

b�0
� �eff

G
�−m

Cf exp�Qa

kT
� . �13�

The effective stress �eff is also a function of grading rate and
can be fitted by22

�eff = exp�a0 + a1Cf + a2Cf
2� , �14�

where a0, a1, and a2 are constants. Substituting this equation
into Eq. �13�, we obtained


�Cf� = Cf exp�P0 + P1Cf + P2Cf
2� , �15�

where P0, P1, and P2 are fitting parameters that are related to
the growth temperature, activation energy, and other material

constants. The fitting results are shown as solid lines in Figs.
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9 and 11 with the fitting parameters summarized in Table II.
The dislocation density indeed increases as the grading rate
Cf increases, and the fitting results are in excellent agreement
with experimental data trends. The threading dislocation den-
sity difference between the graded buffers at high tempera-
tures and the Sb surfactant-mediated graded layers arises
from the different set of fitting parameters, which are related
to the growth temperature activation energy, etc. If we ne-
glect the effect from P2 as both P0 and P1Cf are much larger
than P2Cf

2 from our fitting and assume that other material
constants are the same for both Sb surfactant-mediated and
nonsurfactant-mediated graded layers, we expect a smaller
activation energy for dislocation glide in Sb surfactant-
mediated graded layers as these samples were grown at
lower temperatures. This means that dislocations are easier
to glide in the graded layers with the presence of a surfactant.
It should be noted that the concept of a surfactant is a modi-
fication of the surface of an epitaxial layer during
growth.23–25 The effect of the surface energy modification as
a result of Sb surfactant mediation on the bulk property of
dislocation glide �easier glide observed in the Sb surfactant-
mediated graded layers� is not clear and needs further stud-
ies.

IV. APPLICATION

The above Sb surfactant-mediated SiGe graded buffer
layer technique can be used to grow high-quality SiGe-based
films and quantum structures for many applications. Here we
only show our results of Ge photodetectors on Si substrates
for 1.3–1.55 �m optical communication applications.26

The starting structure is similar to that shown in Fig. 10,
except that the top 0.6-�m- thick buffer was doped with Sb
of 0.7�1017 cm−3 to form the n layer and the top
0.1-�m-thick Ge layer was doped with B of 5�1018 cm−3 to
form the p layer. The samples were fabricated into Ge
p-i-n mesa diodes with different mesa sizes. Ti/Au was used
as contact material. Figure 12 shows typical I-V measure-
ment results of three diodes with different mesa sizes at room
temperature. Rectifying behaviors are observed. A detailed
investigation of the scaling characteristics of reverse currents
at −1 V for many devices displayed a proportionality of cur-
rents with the mesa sizes, indicating that leakage is not
caused by edge effects but related to material quality only.
The dark current density at a reverse bias of 1 V was deter-
mined to be about 0.15 mA/cm2 for many devices. This re-
sult was orders of magnitude lower than the previously re-
ported dark currents of 200 mA/cm2 �Ref. 27� and
50 mA/cm2 �Ref. 28� and only four times larger than the

TABLE II. Fitting parameters for threading dislocation density as a function
of grading rate in Figs. 9 and 11.

Final Ge of graded layers P0 P1 P2

0.5 With Sb −9.456 18 0.775 32 −0.005 57
0.5 Without Sb 9.525 18 0.307 56 0.000 11
1 With Sb −7.625 97 0.098 79 −0.000 14
1 Without Sb 14.603 62 0.000 11 0
ideal dark diffusion current based on our doping profile.
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Besides I-V characteristics, we also measured C-V char-
acteristics, which were not shown here. The capacitance of
an ideal p-i-n diode is �A /C�2= �2/qN���V+Vbi�+ �W2 /�2�,27

where N is the density of fixed charges at one of the bound-
aries of the depletion layer, W is the i- layer thickness, � is
the dielectric permittivity, V is the reverse bias, and Vbi is the
built-in potential related to the doping density. For a diode
with 100�200 �m2 mesa size, the measured capacitance in-
deed decreases as the reverse bias increases, however, the
data trend of C−2 does not show linear dependence with volt-
age, suggesting that the doping is not abrupt as a result of the
segregation of Sb during the n-type layer doping. The ca-
pacitance is determined to be about 0.6 pF at −5 V. Such a
small capacitance for this big diode suggests that smaller
mesa diodes would be promising for high-speed fiber-optic
communication applications. Nevertheless, due to the low-
density n-type doping underneath the intrinsic layer, the
contact/series resistance is so large, which can be seen from
forward I-V characteristics as well, that our measured 3 dB
bandwidth for these detectors is less than 1 GHz. The im-
proved frequency response could be achieved by using phos-
phor doping instead of Sb doping in the n-type layer region
and by optimizing the diode structure with contact pads
closer to mesas.

Figure 13 shows the photoresponse versus the wave-
length of incident light for three different reverse biases mea-
sured at room temperature. No antireflection film coating
was deposited. The data were not corrected for the spectral
variation of the incident optical power of the tungsten source
used in the experiment. The photocurrent threshold at about
1.6 �m agrees with the well-known absorption data for Ge.29

The spectrum at 0 V suggests that the devices can be oper-
ated in the photovoltaic mode. The higher photocurrents at
higher reverse biases arise from two possibilities. First, the
intrinsic region �space-charge region� is slightly enlarged at
higher reverse biases, therefore more photogenerated carriers
are generated. Second, the photogenerated carriers are swept

FIG. 12. I-V characteristics of p-i-n Ge diodes with different mesa sizes.
The reverse current scales with the area of the mesa, suggesting that the dark
current mainly originates from the Ge material only rather than an edge
effect. The dark current densities are determined to be about 0.15 mA/cm2

at the reverse bias of 1 V.
by the electrode more efficiently due to a higher electric field
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in the intrinsic region at a higher bias. This is because the
drift velocity of the photogenerated carriers in the intrinsic
layer is higher at higher electric field. Thus the transit time is
lower and the carriers have a lesser possibility to recombine
before they reach the electrodes, suggesting that more carri-
ers per unit time can be collected at the electrodes. The re-
sponse at about 1.1 �m is from the Si substrate and SiGe
buffer layer. It is not difficult to understand this if we realize
that the p-type Si substrate is used. Such design is typical in
integrated photonics systems as there is a p-n junction
formed by the n-type doping SiGe graded layer and the
p-type Si substrate underneath for electrical isolation. During
the measurements, the photogenerated carriers in the Si layer
�space-charge region is in the Si substrate due to a lower
doping concentration in the substrate� are simultaneously
collected by the metal contact on the surface.

The quantum efficiency is one of the important figures of
merit of a photodetector. The quantum efficiency can be es-
timated as �= IPhv /qP, where IP is the photocurrent, h
 is
the photoenergy as defined by the wavelength, and P is the
incident optical power. By using a commercialized 1.55-
�m-wavelength laser and a calibrated Ge photodetector, the
quantum efficiencies for many devices are in the region of
50%–72% at the reverse bias of 1 V.

V. SUMMARY

The quality of SiGe and Ge thin films grown on a Si
substrate by MBE was further improved by using Sb
surfactant-mediated SiGe graded buffer layers compared
with the conventional SiGe graded buffer method. Both
transmission electron microscopy and Schimmel defect etch
measurements show that the Sb surfactant-mediated SiGe
graded buffer layers have lower dislocation densities than
those without an Sb surfactant. A systematic study of Sb
surfactant-mediated buffer layers was performed. The results
suggest that the Sb surfactant-mediated graded layers have a
smaller activation energy for threading dislocations to glide,
leading to lower threading dislocation densities in the upper

FIG. 13. Photoresponse spectra for a Ge photodiode with a mesa size of
150�300 �m2 measured at different reverse biases.
layers, compared with those graded buffers without surfac-

Downloaded 31 Jan 2006 to 138.23.213.183. Redistribution subject to
tant mediation. Moreover, we demonstrated high-
performance Ge p-i-n photodiodes grown using the combi-
nation of Sb surfactant mediation and graded buffer
technique. These Ge p-i-n diodes show a very low dark cur-
rent density of about 0.15 mA/cm2 at the reverse bias of 1 V
and a quantum efficiency of around 50%–72%. The results
suggest the potential applications of such Ge detectors for
monolithically integrated photoreceivers on Si substrates.
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