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Ultrathin Ge films with thickness of about 15 nm at different deposition temperatures were prepared by electron
beam evaporation. Spectral measurement results showed that as the deposition temperature increased from
100°C to 300°C, the transmittance of the films in the wavelength range from 350 nm to 2100 nm decreased.
After annealing in air at 500°C, the transmittance significantly increased and approached that of uncoated fused
quartz. Based on the Tauc plot method andMott–Davis–Paracrystalline model, the optical band gap of Ge films
was calculated and interpreted. The difference in optical band gap reveals that the deposition temperature has
an effect on the optical band gap before annealing, while having little effect on the optical band gap after
annealing. Furthermore, due to oxidation of Ge films, the optical band gap was significantly increased to
∼5.7 eV after annealing.
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As one of the most useful materials, germanium (Ge) films
are frequently used in the optical and photonic industries
for solar cells and photo-thermal applications[1–6]. Ge films
have much attractive attention owing to their lower opti-
cal band gap energy and higher mobility as compared to
Si[7]; moreover, with the development of infrared optical
technology, Ge not only can be used as one of the excellent
infrared window materials, but also can be used as a high
refractive index material in multilayer interference coat-
ings for the infrared range[8–13].
In view of the urgent need formulti-wavelength common

windows in military applications in the future, which
requires film with high transmittance in visible (Vis),
near-infrared (NIR), mid-infrared, and even far-infrared,
while requiring film with excellent protection in extreme
environments, diamond-like carbon (DLC) films[14] and
Ge1−xCx

[15] materials with excellent protection have been
used as an infrared window protection layer. However,
the internal stress of the layer and the adhesion to the sub-
strate are crucial issues, which may induce the films to
crack or even peel off. A simple and effective method to
solve this problem is to deposit a buffer layer before depos-
iting the hard protective films. Related literatures[16–19] re-
port thatGe films can be used as an intermediate transition
layer due to its good adhesion between the ZnS infrared
window and some protective layer materials, such as
DLC and Ge1−xCx . Previous studies on the optical proper-
ties of Ge films were usually focused on the films thicker
than 100 nm[20–22] and also at longer wavelengths
(2–200 μm)[23–25]. The research on the optical characteris-
tics of ultrathin Ge films is still lacking.

In this paper, we presented three pieces of our work:
(1) study the effects of different deposition temperatures
(100°C, 200°C, and 300°C) on the optical properties of Ge
films in the nanoscale regime (about 15 nm); (2) based on
the high temperature annealing treatment at 500°C in air,
roughly simulate the environment at high flight Mach
numbers and then analyze the effect of high temperature
on the optical characteristics of Ge films; (3) based on the
model proposed by Wang et al.[26], a reasonable interpre-
tation of optical band gap changes is given.

The Ge films were deposited on fused quartz substrates
at different deposition temperatures by electron beam
evaporation with argon plasma assistance. During the
preparation of Ge films, the deposition rate was kept at
0.2 nm/s, the base pressure was kept at 3 × 10−3 Pa,
and the deposition pressure was kept at 1.5 × 10−2 Pa.
The thickness was controlled by a quartz crystal monitor,
and the value of the tooling factor was set to a constant at
three different deposition temperatures. The annealing
treatment was carried out in air (1 atm) at 500°C for a
fixed time of 2 h, and the rate of heating and cooling
was kept at 3°C/min. The crystal structure of Ge films
was characterized by X-ray diffraction (XRD), and the
thickness of Ge films before and after the annealing
treatment was measured and fitted by grazing incidence
X-ray reflectivity (GIXRR), performed on a PANalytical
Empyrean reflectormeter with Cu −Kα (0.154 nm) radi-
ation. To examine the amorphous degree of the Ge
thin films, Raman spectroscopic measurement was con-
ducted using the Renishaw InVia Raman spectro-
meter (Renishaw Ltd., UK) with the 488 nm line laser.
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The optical transmittance of Ge films before and after
annealing treatment was measured by a Cary 5000 UV-
Vis-NIR spectrophotometer and LZH ML6500 vacuum
UV (VUV) spectrophotometer. The surface and inter-
face compositions were analyzed by a Thermo Scientific
Kα X-ray photoelectron spectroscopy (XPS) instrument
equipped with a monochromatic Al Kα X-ray source.
Figure 1 shows the XRD pattern of Ge films before and

after annealing treatment. All of the films are amorphous,
as indicated by the broad low-intensity hump. The peak
around 2θ ¼ 20° represents the amorphous peak, which is
mainly caused by the amorphous structure of the quartz
substrate. Comparing Figs. 1(a) and 1(b), there is no sig-
nificant difference between the Ge films before and after
annealing: all peaks are similar to the quartz substrate,
indicating that the films are amorphous. The XRD results
are in agreement with the studies by Khan et al.[27] regard-
ing the annealing treatment of nanostructure Ge films on
BK7 glass substrates.
In order to examine the amorphous degree of the Ge

films before and after annealing, the Raman spectra are
shown in Fig. 2. Peak separation has been performed by
curve fitting, and a broad Raman band at around
270 cm−1 is observed for all samples before annealing,
which is similar to that of amorphous Ge (α-Ge) films[28,29].
Another Raman peak at about 293 cm−1 indicates that
crystallization (Ge nanocrystals) has occurred[27,28]. The

Raman peak is left shifted as compared to that for bulk
Ge (302 cm−1), which is due to quantum confinement ef-
fects[27,30]. The position of the Raman peak related to scat-
tering by optical phonons depends on the nanocrystal size;
the larger the shift of the Raman peak towards smaller
wave numbers with respect to the peak for the Ge bulk,
the smaller the Ge nanocrystal size. By comparing the
peak areas centered at 270 cm−1 and 293 cm−1 [shown in
Figs. 2(a), 2(b) and 2(c)], it can be concluded that the
amorphous structure of the film dominates. After
annealing, in the 200–500 cm−1 wavenumber range, no
peaks appear in the Raman spectra of all samples, and
there is no significant difference from the spectra of the
quartz substrate. According to the XPS test results, we
speculate that this is related to all Ge elements in the films
becoming GeOx . Combining the XRD pattern and Raman
spectra after annealing, we deduce that the films are still
amorphous.

Figure 3 shows the thickness of Ge films before and
after the annealing treatment measured with the GIXRR
method. The thickness of Ge films before annealing de-
creased almost linearly with increasing deposition temper-
ature. According to the principle of quartz crystals to
monitor the film thickness, the relationship between film
thickness and quartz crystals vibration frequency can be
expressed by Tf ¼ N θPθðLθ − Lf Þ∕ðPfLf Þ, where Tf is
the film thickness, N θ is the frequency constant of quartz
crystal, Pθ is the density of quartz, Lθ is the resonant fre-
quency of uncoated crystal, Lf is the resonant frequency of
loaded crystal, and Pf is the density of film. Assuming the
other parameters remain unchanged, it can be seen from
this formula that the film thickness and density are
inversely proportional. As the deposition temperature in-
creases, the film density increases, so the Ge films thick-
ness decreases. The optical transmittance and the optical
band gap of the films before and after annealing treatment
are shown in Figs. 4 and 5, respectively. After annealing,
the thickness of all films increased compared with the
thickness before annealing, but there is no obvious propor-
tional relationship. The increase in film thickness after
annealing can be explained from the diffusion between
the films and the substrate. According to the results of
XPS, shown in Fig. 6, we found that there is a wide tran-
sition region (etch time from 90 s∕120 s to 210 s) between
the films and the quartz substrate; the compositions are
GeOx and SiO2. This is evidence of the existence of

Fig. 1. X-ray diffraction patterns of Ge films: (a) before
annealing, (b) after annealing.

Fig. 2. Raman spectra of Ge films: (a), (b), (c) before annealing,
(d) after annealing.

Fig. 3. Thickness at different deposition temperatures: (a) be-
fore annealing, (b) after annealing.
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diffusion between the films and the substrate. Therefore,
we believe that diffusion is responsible for the increase in
film thickness after annealing.
In Fig. 4, the optical transmittance of Ge films before

and after annealing treatment is displayed. The transmit-
tance of the uncoated substrate was measured for
comparison. It is worth noting that the shorter the wave-
length, the greater transmittance attenuation of Ge films
before annealing treatment, which is more significant
with the deposition temperature increasing, as shown in
Fig. 4(a). It is further noted that the transmission edge
progressively shifted toward lower energy with increasing
deposition temperature, which corresponds to the change
in the optical band gap mentioned below. According to
Luo et al.[31], the packing density of the Ge films increases
as the deposition temperature increases. The relationship
between the refractive index and packing density of
the films can be expressed by the Kinosita formula:
n ¼ pns þ ð1− pÞnv , where nv is the index of the material
filling the voids, and ns is the index of the solid part of the
films. It can be deduced from the Kinosita formula that
the refractive index of the Ge films increases with the
increase of the packing density. Under normal incidence,
according to Fresnel reflection coefficient r ¼ ð1− nÞ∕
ð1þ nÞ, it can be inferred that the greater the refractive
index of the films, the greater the value of the reflection
coefficient, the lower the transmittance value. As shown
in Fig. 4(b), the transmittance of Ge films after annealing
treatment is close to the transmittance of the uncoated
substrate in the wavelength range of 600 to 2100 nm.
Although the deposition temperatures of Ge films are
different, the transmittance curves are almost coincident
after the annealing treatment at 500°C, which can be
explained by the increase in optical band gap caused
by the oxidation of Ge films. After annealing in air at

500°C, Ge was oxidized to GeOx , which has a wider trans-
parent band than Ge. As a result, the transmittance of the
films samples increases significantly. In addition, compar-
ing the XPS spectra of the films samples in Fig. 6, it was
found that as the etching depth increases, the ratio of

Ge/O/Si atomic concentration is basically the same.
We believe that this is the fundamental reason why the
transmittances of the film samples are basically the same.

The optical band gap values of Ge films as-deposited
and with annealing treatment are calculated by the
extrapolated energy intercept of the Tauc plot. The Tauc
equation is shown as follows[32]:

αhν ¼ Aðhν− EgÞn; (1)

where α, hν, A, and Eg are the absorption coefficient,
incident photon energy, proportionality constant, and
optical band gap, respectively. In Eq. (1), the constant
called the power factor of the transition mode is dependent
on the crystalline or amorphous nature of the material and
the type of electronic transition. The values for direct al-
lowed, indirect allowed, direct forbidden, and indirect for-
bidden transitions are n ¼ 1∕2, 2, 3/2, and 3, respectively.
For Ge films on the fused quartz substrate, n ¼ 2. Accord-
ing to transmittance of Ge films samples, the absorption
coefficient of Ge films can be obtained by using the equa-
tion [32]

α ¼ 1
d
ln
�
1
T

�
; (2)

where d is the film thickness, and T is the transmittance.
Combining Eqs. (1) and (2), the optical band gap energies
of Ge films could be found by the linear extrapolation of
ðαhνÞ1∕2 to zero. Thus, the optical band gap before and
after annealing can be obtained from Figs. 5(a) and 5(b),
respectively. Before annealing, as the deposition temper-
ature rises from 100°C to 300°C, the optical band gap
decreases from 0.68 eV to 0.61 eV. In order to interpret
the effect of deposition temperature, a Mott–Davis–
Paracrystalline (MDP) model[26] is used. α-Ge has a
semiconductor-alloy-like structure, it may contain A
[medium-range order (MRO)] and B [continuous network
(CRN)] simultaneously, and there is a dependence of A/B
ratio on film deposition temperature. The structure of
α-Ge can be defined as AxB1−x , and x is the volume frac-
tion of MRO. Considering that the thickness of Ge films
prepared at three different deposition temperatures ex-
ceeds 15 nm, the MDP model formula mentioned can be
simplified and described by Eq. (3):

EgðAxB1−xÞ ¼
�
m ≤ Eg ≤ 0.66 eV; d > ∼10 nm; model solid theory; x ≥ a%;
0.66 eV ≤ Eg ≤ n; d > ∼10 nm; modified Mott–Davis model; x ≤ a%;

(3)

where d is film thickness, and the critical value a% is only a
constant determined by preparation conditions.

The CRN structure of Ge films is dominant at
deposition temperature of 100°C (Eg > 0.66 eV), the
MRO structure is considered to be dominant when

Fig. 4. Transmittance of Ge films on fused quartz: (a) before
annealing, (b) after annealing.
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the deposition temperature is 200°C and 300°C
(Eg < 0.66 eV), and the higher the deposition tempera-
ture, the higher the percentage of MRO. Pérez et al.[33] re-
ported that the polycrystalline structure is present in Ge
films prepared at 370°C. The reduction of the optical band
gap is dependent on the strain exerted on topologically
crystalline grains[34,35].
However, after annealing under the same conditions,

the optical band gap is maintained at a large value (about
5.70 eV) with the deposition temperature rising from
100°C to 300°C. The optical band gap after annealing
treatment is significantly increased compared with that
before annealing. Some related research works[27] have
been done to interpret the phenomenon. They attributed
the reason to the formation of GeO2, but still lack accurate
analysis results.
Oxidation can lead to an increase in the optical band gap

of theGe films after annealing. Khan et al.[27] discovered the
Raman peak of GeO2 and a single peak at ∼860.3 cm−1

assigned to Ge-O stretching vibration through Fourier
transform infrared spectroscopy (FTIR) analysis for the
films at 450°C and 500°C. Although the related literatures
report that the Ge films are oxidized after high tempera-
ture annealing, information of GeOx in the depth direction
is not given in detail. Therefore, the content of Ge films
after annealing was analyzed by XPS depth profiling.
Figure 6 shows the results of XPS analysis. By comparing
the trend of atomic profiles under the three process
conditions, the regular of Ge, Si, and O elements with etch-
ing time increasing is similar under different process
conditions.
According to the position where the Si element appears,

we can divide the atomic profile into regions A and B. For
the process condition in Fig. 6(a), the boundary of regions
A and B appears when the etch time is 120 s, and for proc-
ess conditions in Figs. 6(b) and 6(c), the boundary of re-
gions A and B appears when the etch time is 90 s. When
the surface analysis was done by XPS (etch time ¼ 0 s),
the ratio value of Ge/O is 1/2 under three process condi-
tions. It can be inferred that the compositions of the
surface are GeO2. As the depth increases (etch time in-
creases), the percentage of Ge atoms decreases
(etch time ¼ 30 s) and then remains unchanged (etch
time from 30s to the boundary of regions A and B). In re-
gion A, GeO2 and GeO are the main compositions deduced
by the ratio value of Ge/O. In region B (from the boun-
dary of regions A and B to etch time ¼ 210 s), the main

compositions are GeO2, GeO, and SiO2 inferred by the
ratio value of Ge/Si/O. Therefore, we believe that the rea-
son for almost the same optical band gap of Ge films after
annealing is the nearly identical compositions of films.

The optical properties of Ge films with thickness of
about 15 nm on fused quartz substrates at different
deposition temperatures were determined by a UV-Vis
spectrophotometer. The results show that the transmit-
tance of the films changes with the change of the deposi-
tion temperature, and the annealing treatment will
significantly increase the transmittance in the range from
300 to 2000 nm. The analysis indicates that the optical
band gap of Ge films decreased with deposition tempera-
ture increasing before the annealing, which can be well
interpreted by the MDP model. After annealing, the band
gap of Ge films that increased to ∼5.7 eV at different dep-
osition temperatures (ranging from 100 to 300°C) was
attributed to the formation of GeOx (GeO2 and GeO),
which was analyzed by XPS. Both the deposition temper-
ature and annealing treatment can alter the optical band
gap of the Ge films to some extent, which enriches the
optical band gap engineering.

This work was supported by the National Key Research
and Development Project of China (No. 2016YFE0104300).
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