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GeO2/Ge/InxGa1�xAs heterostructures grown on (100) GaAs substrates were studied using Raman

spectroscopy and photoluminescence (PL) spectroscopy. Both nearly pseudomorphic

tensile-strained and nearly completely relaxed Ge films were grown and studied. The maximum

tensile strain for Ge films with a thickness of �7 nm reaches 2.25%. PL data confirm the

conclusions that the band gap offset of Ge/InxGa1�xAs is sensitive to the polarity of the bonds at the

interface, and also to a parameter of x and the relaxation of strain. Depending on these parameters,

the Ge/InxGa1�xAs may be type-I or type-II heterostructures. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864466]

I. INTRODUCTION

The applying of strain is one of the ways to modulate

the band structure in semiconductors. Elastically stretched

Ge is a promising material for microelectronics and optoe-

lectronics. Fischetti et al.1 have shown theoretically that the

biaxial tensile stress in Ge significantly increases the mobil-

ity of both electrons and holes. Theoretical calculations pre-

dict a decrease of energy for the C-valley in the conduction

band and the transformation of Ge in the direct-gap material

for its biaxial stretching at �2%.1–3

Growth of films on an artificial substrate with a different

lattice constant is an approach of getting strongly strained

materials. In this case, if the lattice constant of substrate is

more than that of the film and the thickness of grown film

does not exceed critical value, the film remains pseudo-

morphically biaxially stretched. For example, the relaxed

SnxGe1�x films grown on Si substrate were used as artificial

substrates for the growth of tensile-strained Ge films.4,5

However, because of the limited solubility of Sn in germa-

nium, tensile deformation in Ge films for such a system does

not exceed 0.71%. Huo et al.6 used as artificial substrates

heterostructures InxGa1�xAs/GaAs. They have enlarged con-

centration of indium in each 200 nm buffer layers of

InxGa1�xAs, and after three stages they have reached compo-

sition In0.4Ga0.6As. In the case of full relaxation, the lattice

constant of such buffer layer should be 2.8% larger than the

lattice constant of Ge. The Ge films with largest tensile strain

(2.33%) were grown on such buffer.6 They have observed

20-times growth of photoluminescence (PL) intensity at low

temperature from such stretched Ge films.6

It is known that strong doping of Ge by donors leads to

reaching a high concentration of electrons in the C-valley of

the conduction band and can enhance direct transitions in

Ge. The authors of Ref. 7 report on strong PL (�1600 nm) at

room temperature in n-type Ge films with 0.5% tensile strain.

To enhance optic transitions in indirect semiconductors, one

can use softening of the quasi-momentum conservation law

by additional scattering (defects or roughness of surface).

The authors of Ref. 8 studied the influence of defects and

roughness of the Ge/Al2O3 heterostructure on optical transi-

tions and have observed both direct and indirect transitions

in the PL and electroluminescence spectra. The authors of

Ref. 9 have applied the original method of changing the ten-

sile stress in the Ge films using nanomembranes, and have

observed PL growth of direct optical transitions with increas-

ing tensile strain in the Ge films. The group of Professor

Kimerling is the most advanced in the practical use of the

effects of tensile strain and doping of Ge films; they reported

on creation of the laser using direct optical transitions in Ge

films.10–12

But the optical properties of Ge/InxGaAs1�x heterostruc-

tures have not been studied enough. For example, it was

reported in Ref. 13 that the band gap offset between Ge and

InxGaAs1�x may vary depending on the polarity of the

InxGaAs1�x surface, and this leads to the fact that such heter-

ostructures can be type-I or type-II. Our work is an attempt

to investigate the optical transitions in nearly pseudomorphic

stretched films of Ge on InxGaAs1�x, and in films, in which

the tensile stress is relaxed.

II. EXPERIMENTAL

The peculiarity of our experiments was growth stages of

structures Ge/InGaAs/GaAs in different molecular beam epi-

taxy (MBE) chambers with intermediate removal of struc-

tures on the atmosphere. After growing of InxGa1�xAs

buffer layer (x¼ 0.33–0.37, thickness � 1000 nm) on GaAs

(001) substrate, the structure was covered with a thin layer

of As, to prevent the surface from contamination. After

transfer to the MBE chamber for growing Ge, structurea)E-mail: volodin@isp.nsc.ru.
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InGaAs/GaAs was heated to a temperature of about 500 �C
so that arsenic together with the oxides and contaminants

desorb. Surface reconstruction 2 � 4 was observed from the

data of electron diffraction. The Ge films were grown at the

substrate temperature of 350 �C. The source of Ge was cali-

brated, so the thickness of Ge film was proportional to time

of growth. The thicknesses of the Ge films were also checked

from analysis of spectral ellipsometry data. According to

these data, it was also determined that Ge films were coated

with a thin native oxide layer. Some parameters of the sam-

ples are shown in Table I.

The strain in Ge films was studied using Raman scatter-

ing spectroscopy in the backscattering geometry. Raman

spectrometer T64000 (Horiba Jobin Yvon) with micro-

Raman setup (based on Olympus optical microscope)

equipped with a liquid nitrogen cooled CCD matrix detector

was used. The sample was excited by the 514.5 nm line of an

Arþ laser. The spectral resolution was better than 1 cm�1.

The laser radiation does not cause significant heating of the

samples, since the laser power reaching the sample was

2 mW, and the diameter of the laser beam on a sample was

10 lm. The optical properties of the heterostructures were

also investigated using PL spectroscopy. A laser diode emit-

ting at 488 nm was used to excite the luminescence. The PL

spectra were measured at room temperature, using a mono-

chromator with grating 600 lines/mm and a liquid nitrogen

cooled InGaAs detector. All PL spectra were corrected from

the response of the detector. The cryostat was used to study

the temperature dependence of the PL; the stability of the

temperature was 60.5 K.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the Raman spectra of bulk Ge and

Ge/InGaAs/GaAs heterostructures. The peaks with frequen-

cies �280 cm�1 correspond to Raman scattering by longitu-

dinal optical (LO)-type phonons of InGaAs solid alloy. Their

frequencies depend on strain and composition of the alloy.

One can see that the peaks between 290 and 301 cm�1 corre-

sponding to scattering by the vibrations of Ge-Ge bonds are

shifted compared with unstrained bulk Ge. Shifts are 9.5, 4.2,

and 1.5 reversed centimeters for samples A, B, and C, respec-

tively. It is known that mechanical stresses lead to strain and

change of the bond length. Due to anharmonicity, the stiff-

ness of the distorted bonds is changed, and thus, the phonon

frequencies are also changed. In order to calculate the de-

pendency of the phonon frequencies on the strain tensor, it is

necessary to know the parameters of anharmonicity. In pio-

neering works, this problem is solved for crystals with a

diamond-type lattice14 and zinc-blende lattice.15 If one substi-

tutes the parameters of the anharmonicity (in high-symmetry

cubic crystal there are only three parameters, which are

referred as p, q, and r) in the equations of force matrix, the

optical phonon frequencies at the center of the Brillouin zone

are obtained from the so-called secular equation. The deter-

minant of the following matrix14,15 should be equal to zero:

pexx þ q eyy þ ezzð Þ � k 2rexy 2rexz

2rexy peyy þ q exx þ ezzð Þ � k 2reyz

2rexz 2reyz pezz þ q exx þ eyyð Þ � k

�������

�������
¼ 0:

Here, eab are the components of the strain tensor, k¼X2

�x0
2, X is the phonon frequency of the strained crystal, x0

is the phonon frequency of the unstrained, bulk crystal.

Usually, the difference between X and x0 (DX) is small,

thus DX can be expressed as DX¼ k/2x0. In the case of

biaxial strain (exx¼ eyy) without twisting and shifting

(exy¼ eyz¼ exz ¼ 0), the determinant is easily solved. There

are two solutions: for doublet (exx(p þ q)þezzq � k¼ 0); and

for singlet (2exxq þ ezzp � k¼ 0). The ratio between exx and

ezz is defined by Poisson’s ratio. In the case of non-deformed

crystal diamond-type lattice, LO and transverse optical (TO)

phonons are degenerated at the center of the Brillouin zone.

To analyze the value of phonon frequency shifts versus

strain, it is proper to written expression, wherein the strain

tensor is expressed as a percentage, and the frequency is

expressed in reversed centimeters. In our case of backscatter-

ing from (001) oriented Ge film, the LO phonons (both

wave-vector and vector of atomic displacement are directed

along (001) axis) are active in Raman scattering. For such

long-wave LO phonon,16–18

DX GeLOð Þ ¼ �4:2exx:

The minus sign corresponds to the fact that the positive de-

formation (stretching) decreases the phonon frequency.

Therefore, according to Raman scattering data, the lateral

(exx¼ eyy) strain for Ge films in samples A, B, and C are

TABLE I. The parameters of studied samples.

Sample

x in InxGa1�xAs

(x-ray data) (%)

Relaxation of stress

in InxGa1�xAs, x-ray data (%)

Thickness of Ge (nm)/and

native oxide GeO2

Maximal strain (%)

(calculated)

Strain tensile

(Raman data)

A 37 88 7–8/2–3 2.33 2.25

B 37 88 8–9/2–3 2.33 1.0

C 33 88 10–11/2–3 2.08 0.35
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2.25%, 1%, and 0.35%, respectively (Table I and Fig. 1(b)).

As one can see in Table I, maximal strain is equal for sam-

ples A and B, but Ge film in sample B is more relaxed. For

the Ge films, elastically deformed by the amount of 2.33%,

the equilibrium critical thickness for plastic relaxation due to

a 60� dislocation is 7 nm.19 As a rule, the process of relaxa-

tion of epitaxial films occurs at thicknesses exceeding the

critical value due to kinetic restrictions of the introduction of

dislocations. However, when the film grows on the relaxed

buffer such as InGaAs, kinetic restrictions are removed due

to large number of threading dislocations that occurred at the

stage of relaxation of the buffer layer. As seen from Table I

and Fig. 1(b), the thickness of the sample A is very close to

the critical value, while the thickness of sample B is slightly

greater than the critical value. This may explain the fact that

sample A is pseudomorphic, while sample B is half-relaxed.

Figure 2 shows the PL spectra of Ge/InxGa1�xAs hetero-

structures and unstrained bulk Ge registered at 10 K. The laser

fluence was 500 kW/m2. For convenience, the PL intensities

are shown in logarithmic scale. No PL signal was observed

for bulk Ge. Lieten et al.20 have recently shown that the PL of

intrinsic bulk Ge is observed rather between 1650 nm and

1900 nm, which is obviously out of the detection range of our

InGaAs detector. One can see the peaks at 1155 nm

(1073 meV), 1230 nm (1008 meV), and 1500 nm (827 meV) in

the PL spectrum of sample A. We shall denote them as peaks

1, 2, and 3, respectively. One can see that peak 2 is shifted

towards 1255 nm (988 meV) for sample B, and peaks 1 and 2

are not observed in spectrum of sample C. The PL peak with

position of about 1250 nm was also observed by Pavarelli

et al.,13 for heterostructure in which the Ge layer was inserted

between the In0.3Ga0.7As layers. They connected it to optical

transitions between electrons localized in the Ge layer and

holes localized in the In0.3Ga0.7As layers. They have studied

that the position of this peak depends on intensity of exiting

laser source and have observed that blue-shift is proportional

to the cube root of the laser fluence. According to the model

proposed in Ref. 21, such dependence suggests that

In0.3Ga0.7As/Ge/In0.3Ga0.7As is a type-II heterostructure.

Figure 3 shows the PL spectra of sample B, depending

on the laser fluence. One can see no significant shift of peaks

1 and 2 when laser fluence increases almost two orders of

magnitude. In Ref. 13, it was reported about 60 meV blue-

shift when the laser fluence was increased by four orders of

magnitude. Lack of effect of a shift in our sample will be dis-

cussed below.

FIG. 1. (a) Raman spectra of unstrained bulk Ge and Ge/InxGa1�xAs heterostructures. (b) Modulus of lateral strain in Ge films versus thickness.

FIG. 2. PL spectra of unstrained bulk Ge and Ge/InxGa1�xAs heterostruc-

tures at temperature 10 K.
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Figures 4 and 5 show the PL spectra at different temper-

atures. One can see that, with increasing temperature, the

red-shift of peak 1 is small, while peaks 2 and 3 are strongly

red-shifted. It is known that the band gap of Ge depending

on the absolute temperature as22,23

E Ge;meVð Þ ¼ 742� 0:48T2

ðT þ 235Þ :

For InxGa1�xAs, band gap depends on both composition and

the temperature as24

E InxGa1�xAs;meVð Þ ¼ 420þ 625 1� xð Þ þ 475ð1� xÞ2

� xT2 0:58

T þ 300
� 0:49

T þ 271

� �

� 0:419T2

T þ 271
:

Assuming that the red-shift is due to temperature changes of

the value of band gaps for Ge and InxGa1�xAs, the effect as

the temperature increases from 10 to 40 K for germanium

(peak 3) shall be 2.7 meV, whereas according to the experi-

mental data (Fig. 5), it is 18.8 meV. The situation is similar

for peak 2, the temperature change of band gap for

In0.37Ga0.63As as the temperature increases from 5 to 40 K

should be 2.6 meV, whereas according to the experimental

data (Fig. 4), the shift is 18 meV. The experimental red-shift

of peak 1 is very close to the theoretical prediction (approxi-

mately 0.8 meV for the temperature increase from 5 to 20 K).

So, one can suggest that peak 1 is due to the optical transitions

between electrons and holes in the buffer layer In0.37Ga0.63As.

The band gap value of this solid alloy is 998 meV at 10 K.

Figure 2 shows that peak 1 has the same position for samples

A and B (1073 meV). The match is obvious, since for samples

A and B, the Ge films were grown on the same buffer layer.

The difference with the calculated value of band gap is about

75 meV, and it may be due to the fact that the solid alloy

In0.37Ga0.63As is not relaxed completely (see Table I), the

compressive strain leads to an increase in the band gap.

Another reason could be that the electrons and holes can

recombine remaining “hot,” not thermalized at the bottoms of

the corresponding valleys, because the energy of the exciting

photon is quite high (2541 meV, k¼ 488 nm). One additional

reason of some increase in the energy of the emitted photon,

compared with the band gap of In0.37Ga0.63As may be that in

FIG. 3. PL spectra of sample B at 10 K at different laser fluences.

FIG. 4. PL spectra of sample B at different temperatures.

FIG. 5. PL spectra of sample C at different temperatures.
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the case of a type-II heterostructure, in the presence of an

electric field, the holes can be localized near the interface in

the two-dimensional quantum well (see Fig. 6).

Peak 2 may be associated with indirect (in space) optical

transitions between the electrons localized in Ge, and the

holes localized in the In0.37Ga0.63As. In theory developed in

Ref. 21, it is suggested that the blue-shift with increasing of

laser fluence is due to the fact that localization in a quantum

well charge carriers of one sign is cause of electric field that

penetrates into the matrix. The electric field is the cause of

triangle-shape quantum well for charge carriers of another

sign in the matrix. The higher the laser fluence, the more car-

riers are generated and separated and the larger the electric

field strength. The triangle-shape quantum well becomes nar-

rower, and the energy of optical transitions becomes higher.

Presumably, in our case there are deep traps for charge car-

riers associated with defects at the Ge-In0.37Ga0.63As inter-

face. The charged traps can screen the electric field, so that

its value does not increase significantly with increasing of

the laser fluence. One should note that the theory was devel-

oped for symmetric structure barrier/well/barrier, but the

structure GeO2/Ge/InGaAs/GaAs is not symmetric. As it was

mentioned above, the Ge films have native oxide. The heter-

ostructure GeO2/Ge is a type-I heterostructure with band off-

set equal to 1.5 eV for conduction bands and 3.4 eV for the

valence bands.25,26 The holes are localized in In0.37Ga0.63As

because of the band offset for Ge and In0.37Ga0.63As.13 Since

the dielectric permittivity of Ge is greater than that of GeO2

and vacuum, the image-charge has the same sign,27 and the

electrons are pushed away from the GeO2/Ge interface, but

the holes are attracted towards it (Fig. 6). The electric field

from the electrons and from their image-charges is partially

screened by charges at the Ge/In0.37Ga0.63As interface, but it

penetrates into the In0.37Ga0.63As matrix. In the matrix, the

electric field is screened by free charges and its strength

decreases in the depth of the matrix. Therefore, the

triangular-shape well for holes (near the interface) is poorly

modulated with an increase in the laser fluence, and the

effect of blue-shift of peak 2 is barely visible (Fig. 3). Figure

2 shows that the position of peak 2 is different for samples A

and B, so, it depends on the strain relaxation in the Ge film,

and probably the band offset is also dependent on strain.

Peak 3 is apparently due to optical transitions between

electrons and holes in Ge films. Two effects have influence

on its position. Tensile strain reduces the value of band gap

and, accordingly, reduces the energy of the optical transi-

tions. At the same time, the quantum size effect and electric

field, separating the electrons and holes in space, increase

the energy of the optical transitions.28 Finally, we note that

the energy of peak (2) is larger than the energy of peak (3).

A similar behavior was already reported by Pavarelli

et al.13 in InGaAs/Ge/InGaAs heterostructures. We expect

that this may be due to the stoichiometry of the interface

between the Ge film and the InGaAs buffer layer (either

group-III or group-V atoms bonded to Ge atoms).

Depending on these terminations, the difference in electro-

negativity between the atomic species leads to the creation

of dipoles at the Ge/InGaAs interface and thus to an electric

field which modifies the bandstructure as shown in Fig. 6.

This may eventually lead to a higher energy of peak (2)

with respect to peak (3) as observed experimentally.

Contrary to the assumption of increasing the probability of

direct transitions (tensile strain in the sample A reaches

2.25%), the intensity of peak 3 is small. Probably, it is

because of defects at the interfaces. The deep defect states

are centers for non-radiative recombination. The tempera-

ture dependence of the PL (Figs. 4 and 5) demonstrates the

influence of a strong non-radiative recombination channel.

When the temperature rises up to 40–60 K, the PL signal

practically disappears. In the type-II heterostructures

Ge/Ge0.5Si0.5, in which Ge films are compressed, there is

also decrease in the PL intensity with increasing tempera-

ture, but not as strong, since the PL signal is present at tem-

peratures up to 150–200 K.29 The band gap of InxGa1�xAs

increases with decrease of parameter x, so, the heterostruc-

ture can become type-I.13 Figure 6 (right) shows an exam-

ple of such structure (sample C). But in this case the tensile

strain in the Ge film is small and does not reach the value

where the transformation of Ge in direct-gap material is

possible. Both electrons and holes are localized in Ge, and

do not create an electric field in the In0.33Ga0.67As matrix.

Therefore, the PL spectrum of sample C does not present

peaks 1 and 2 (Fig. 2). The probability of non-radiative

recombination is also high, perhaps because of the deep

traps at the interfaces and in the film. The traps (defects)

can appear as a result of the relaxation of elastic stresses

(dislocations). Non-radiative transitions are indicated in

Figure 6 as NR.

FIG. 6. Diagram of the band structure

and optical transitions.
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IV. CONCLUSIONS

In conclusion, we note that in order to achieve both of

the two conditions required for the strong PL intensity in the

IR range from the Ge films (tensile strain of more than 2%

and the band gap offsets, providing a type-I heterostructure),

the following is needed. One should use a broader band gap

material as a buffer, for example InxAl1�xAs alloy. It is

known that the band gap (in meV) for solid alloy InxAl1�xAs

depends on the stoichiometric parameter x as

Eg¼ 3020–3390xþ740x2 (Refs. 30–32) and with the

required parameter (x¼ 0.37) is 1870 meV. This is almost

two times more than that of In0.37Ga0.63As and it gives us

hope that in such a heterostructure one can achieve a high

probability of optical transitions from Ge films in IR range.
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