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Abstract: This study systematically investigated the influence of deposition rate on the structure, broadband opti-
cal properties (1.0-13.0 wm), and stress characteristics of Germanium (Ge) films. Additionally, a method for
enhancing the performance of infrared filters based on rate-modulated deposition of Ge films was proposed. The
optical absorption of Ge films in the short-wave infrared (SWIR) and long-wave infrared (LWIR) bands can be
effectively reduced by modulating the deposition rate. As the deposition rate increases, the Ge films maintain an
amorphous structure. The optical constants of the films in the 1. 0-2. 5 wm and 2. 5-13. 0 pm bands were precisely
determined using the Cody-Lorentz model and the classical Lorentz oscillator model, respectively. Notably, high-
er deposition rates result in a gradual increase in the refractive index. The extinction coefficient increases with the
deposition rate in the SWIR region, attributed to the widening of the Urbach tail, while it decreases in the LWIR
region due to the reduced absorption caused by the Ge-O stretching mode. Additionally, the films exhibit a tensile
stress that decreases with increasing deposition rate. Finally, the effectiveness of the proposed fabrication method
for an infrared filter with Ge films deposited at an optimized rate was demonstrated through practical examples.
This work provides theoretical and technical support for the application of Ge films in high-performance infrared
filters.
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Introduction

Atmospheric transmission windows have significant
applications in the field of space remote sensing, with
the SWIR (1.0 - 3.0 wm) and LWIR (8.0 - 13. 0 pm)
bands serving as crucial operational wavelengths for re-
mote sensing instruments ™. As key optical components
in space remote sensing systems, infrared filters are typi-
cally integrated with detector chips to enhance system sig-
nal-to-noise ratio and detection accuracy through selec-
tive transmission of specific infrared bands™*'. High
transmittance and low optical absorption are essential
performance indicators for infrared filters. Germanium is
a crucial high-refractive-index film material for infrared
applications, characterized by a broad infrared transpar-
ent region, high mechanical strength, and excellent
chemical stability’”' , making it widely used in infrared
thin-film devices. Germanium is often combined with
low-refractive-index materials, such as zinc selenide
(ZnSe) 7" | zinc sulfide (ZnS) "', silicon monoxide
(Si0)"*" and ytterbium fluoride (YbF,)"*"", to fabri-
cate infrared filters, beam splitters, mirrors, and antire-
flection coatings. Although electron-beam evaporation
has been widely adopted for Ge film deposition, signifi-
cant optical absorption persists in the 1.8 = 2.5 pm and
10.5 - 12. 5 pm bands, substantially limiting its appli-
cations in these bands. Therefore, developing an effec-
tive method to reduce optical absorption of Ge films in
the SWIR and LWIR bands is crucial for enhancing the
performance of infrared filters and expanding the engi-
neering applications of Ge films in these spectral ranges.

Significant progress has been made in the study of
the structure, optical and electrical properties of Ge
films'"*"". For instance, Liu et al. investigated the opti-
cal constants of Ge thin films from the visible region to
the LWIR region using the Cody-Lorentz model and ob-
tained bandgap and band-tail width of the films"*". Simi-
larly, Carney et al. measured the refractive indices of
sputtered Ge films in the 2. 5 = 13. 0 wm band using Fab-
ry-Perot transmission measurements . Goh et al. em-
ployed spectroscopic ellipsometry and UV-Visible spec-
trophotometry to determine the bandgap and optical prop-
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erties of Ge films with different thicknesses below 50
nm, which could be well described by the Forouhi-
Bloomer model””. Notably, the optical and electrical
properties of Ge films are significantly influenced by
preparation processes, such as deposition temperature,
ion beam assistance, and thermal annealing, which have
been extensively investigated in previous studies”".
However, limited research has explored how process con-
ditions influence the broadband optical constants of Ge
thin films and optical absorption in the SWIR and LWIR
bands. Meanwhile, residual stress is a crucial mechani-
cal property of optical thin films, as excessive residual
stress can cause issues such as wrinkling, cracking, and
delamination in thin-film devices™'. Investigating the
stress characteristics of Ge films is crucial for the design
and preparation of infrared filters.

Deposition rate, as a critical process parameter in
film fabrication, significantly influences the structure
and optical properties of the films™™*. In this study, we
systematically investigated the influence of deposition
rate on the structure, broadband optical properties (1.0
-13.0 Mm) , and stress characteristics of Ge films. The
optical absorption of Ge films in the SWIR and LWIR
bands can be effectively reduced by modulating the depo-
sition rate. On this basis, we proposed a method for en-
hancing the performance of infrared filters based on rate-
modulated deposition of Ge films. This work provides
theoretical and technical support for the application of Ge
films in high-performance infrared thin-film devices.

1 Methods

1.1 Physical dispersion models

Ferlauto et al. investigated band-tail absorption in
amorphous semiconductor materials and incorporated it
into a dispersion model™. They developed the Cody-
Lorentz model and applied it to describe standard amor-
phous semiconductor materials. In this study, the Cody-
Lorentz model was used to determine the optical con-
stants of Ge films in the 1.0 = 2. 5 wm band. The imagi-
nary part (&,) of the dielectric function (&) is expressed
as follows™" "'
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(E _ E")Z Germany). The samples were deposited by electron
G(E)=———F"—— , (2) beam evaporation on ZnSe substrates with dimensions of
(E - Eg) + E,Z, ®30 mmX3 mm. The substrates were polished, and the
_ root-mean-square (RMS) surface roughness was less
E = EG(E)L(E,) - Q) than A/50 (A =632.8 nm). Before deposition, vacuum

where A, E,, E,, E, and I" denote the Lorentz oscillator
amplitude, bandgap energy, resonance energy, photon
energy, and oscillator width, respectively. Here, E, rep-
resents the boundary between the Urbach tail transitions
and band-to-band transitions. The tail transition takes
place when the photon energy is less than E,, whereas the
interband transition occurs when the energy exceeds E..
E is the second transition energy (in addition to E,). The
absorption follows Lorentz linear absorption when the
photon energy surpasses E+E. E,, the Urbach tail
width, is a key parameter for evaluating the disorder and
defect density within the material structure. E, denotes
the imaginary part of the dielectric constant, and &, re-
mains continuous at £ = E. G(E) is a state density func-
tion, which is approximated as a constant dipole. The re-
al part of the dielectric constant, &,, can be derived us-
ing the Kramers-Kronig transformation :
® ! !
e(E)=e.+2p Ee(E)
o oE” - E?

In this study, the optical constants of Ge films in
the 2.5 - 13. 0 wm band were determined using the clas-
sical Lorentz oscillator model. The real part (&) and the
imaginary part (&) of the complex dielectric function
(&) are expressed as follows™ ;

dE’ . @)
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where &, represents the high-frequency dielectric con-
stant, E is the central energy of the jth oscillator (in
eV) , A denotes the amplitude of the jth oscillator (in
eV) , I, is the damping factor of the jth oscillator (in
eV), and m represents the number of oscillators. The re-
fractive index (n) and the extinction coefficient (k) can

be determined using the following equations :
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The measured transmittance (7T) and reflectance
(R) spectra were fitted by minimizing the mean squared

error (MSE) value, and the MSE is defined as:
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where NV is the number of measured values, M denotes
the number of fitting parameters, and “exp” and “cal”
refer to the experimental and calculated data, respective-
ly.
1.2 Sample preparation and characterization

The single-layer Ge film and infrared filter samples
were prepared using a vacuum coater equipped with an
optical monitoring system (LAB900, Leybold Optics,

chamber pressure was 2.0X10” Pa and the substrates
were bombarded with ions for five minutes using a radio
frequency (RF) ion source to enhance the film-substrate
adhesion. The deposition rates for Ge films, controlled
by a four-probe quartz crystal oscillator, were 0.3, 0.6,
1.0, 1.5, and 2.0 nm/s, respectively. The substrate
temperature was maintained at 200°C during deposition.

The transmittance and reflectance spectra of the
samples in the 1.0 = 2. 5 pwm band were measured using
a UV-VIS-NIR spectrometer (Lambda 900, PerkinEl-
mer, USA) , and the measurement error was within
0. 08%. The transmittance and reflectance spectra in the
2.5 - 13.0 pm band were measured using a Fourier
transform infrared spectrometer (VERTEX 80, Bruker
Co., Germany). The reflectance spectra of Ge films
were measured using absolute reflectance measurements
at 0° incidence for both the 1.0 - 2.5 pum and 2.5 -
13.0 wm bands. The optical constants and thicknesses
of the Ge films were precisely determined by fitting the
measured spectra of single-layer samples using physical
dispersion models. The structure of the samples was ana-
lyzed by an X-ray diffractometer (XRD, Cu-Ka, Bruk-
er, Cermany). The measurement angle was 20° - 80°,
and the step size (20) was 0. 02°. A laser interferometer
(VERIFIRE QPZ, Zygo Co., USA) was used to mea-
sure the curvature radii of ZnSe substrates before and af-
ter coating. The residual stress (o) of Ge films was cal-
culated using the Stoney equation ™'

Et> ( 1 1 )
o=——"""|> -5} 9)
6(1 —U:)tf Rz RI

where E. represents the Young’ s modulus of the sub-
strate, v, denotes the Poisson’ s ratio, ¢,is the film thick-
ness, I, refers to the substrate thickness, and R, and R,
are the curvature radii of the substrate before and after
coating, respectively. The Young’ s modulus and Pois-
son’ s ratio of the ZnSe substrates are 67.2 GPa and
0. 28, respectively.

2 Results and discussion

2.1 Film structure of Ge films

Figure 1 shows the grazing incidence X-ray diffrac-
tion (GIXRD) patterns of the Ge films deposited at differ-
ent rates. No sharp diffraction peaks are observed, indi-
cating that the films are non-crystalline and amorphous.
A broad diffusion peak appears near 27° in the diffrac-
tion spectrum, suggesting the existence of short-range or-
der in the film structure. Therefore, Egs. (1)-(4) are
applicable to the Ge thin films.
2.2 Optical properties of Ge films

Figures 2(a)-(d) illustrate the transmittance and re-
flectance spectra of Ge films deposited at different rates
in the 1.0-2.5 pm and 2.5-13.0 pwm bands. At wave-

lengths greater than 1.3 pm, the interference extrema
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are observed. Higher transmittance and reflectance at
the same peak positions indicate lower optical absorption
of the films. In the SWIR region, lower deposition rates
result in higher transmittance and reflectance at the inter-
ference peaks. However, in the LWIR region (10.5 -
12.5 wm) , higher deposition rates correspond to in-
creased transmittance and reflectance. The short-wave-
length absorption edge of Ge films exhibits a distinct red-
shift with increasing deposition rate, indicating changes
in the optical bandgap. The transmittance and reflec-
tance spectra were employed as targets for inverse calcu-

()

lations using the physical dispersion models described
above to determine the optical constants of Ge films. Fig-
ures 3 (a) and (b) present the experimental and fitted
spectra of Ge film in the 1.0 - 2.5 pm and 2.5 - 13.0
wm bands, respectively. The fitted transmittance and re-
flectance spectra align well with experimental values,
demonstrating that the models are sufficiently accurate
for calculating the optical constants.

The optical bandgap and the Urbach tail width are
two critical parameters for describing the energy band
structure of thin films. The optical bandgap characterizes
the short-wavelength absorption edge of the film and is a
key parameter for assessing film absorption, while the Ur-
bach tail width is essential for evaluating the structural
disorder and defect density of the film. Parameters in the
Cody-Lorentz model, including the optical bandgap E,
and the Urbach tail width £, can be obtained through in-
verse calculations of the transmittance and reflectance
spectra. Table 1 summarizes the Cody-Lorentz model pa-
rameters of Ge films deposited at different rates in the 1. 0
- 2.5 pm band. As the deposition rate increases, the
bandgap E, of Ge films decreases from 0. 803 eV at 0.3
nm/s to 0. 788 eV at 2. 0 nm/s, consistent with the red-
shift of the short-wavelength absorption edge. Mean-
while, the Urbach tail width increases from 0. 138 to
0.143 eV, reflecting a higher density of defect states in
the film. A higher density of defect states corresponds to
a wider band-tail width.

Figures 4(a) and Fig. 4(b) show the refractive indi-
ces and extinction coefficients of Ge films deposited at
different rates in the 1.0 - 2.5 wm band, respectively.
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(a) Transmittance and (b) reflectance spectra of Ge films deposited at different rates in the 1. 0~2. 5 um band; (c) transmit-

tance and (d) reflectance spectra of Ge films in the 2. 5~13. 0 um band.
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Fig. 3 Experimental (points) and fitted (lines) spectra of Ge film deposited at a rate of 1. 0 nm/s in the (a) 1. 0~2. 5 pm and (b) 2. 5~

13. 0 pm bands.
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The refractive indices decrease with increasing wave-
length but gradually increase with deposition rate, likely
due to the higher stacking density of the film. The extinc-
tion coefficients of Ge films also increase with deposition
rate, which may result from the widening of the Urbach
tail. Figures 4(c) and Fig. 4 (d) illustrate the refractive
indices and extinction coefficients of Ge films in the 2. 5-
13.0 pm band, respectively. Table 2 summarizes the
classical Lorentz oscillator model parameters of Ge films.
Notably, higher deposition rates result in higher refrac-
tive indices at the same wavelength. Additionally, a
weak absorption peak appears near 11. 6 pwm, primarily
due to the Ge-O stretching mode in Ge films**. The ox-
ygen content in the film affects the infrared absorption,
with higher oxygen concentrations leading to stronger ab-
sorption””. As the deposition rate increases, the intensi-
ty of the absorption peak gradually decreases. This trend
may be attributed to the shorter contact time between Ge
vapor molecules and residual oxygen in the vacuum
chamber, leading to lower oxygen content in the film.
The absorption peak disappears entirely when the deposi-
tion rate reaches 2.0 nm/s. Figure 5 shows the optical

PO Ay 1. 0 nm/s (1) Ge WIRAE (a) 1. 0~2. 5 um F1(b)2. 5~13. 0 pum P B S8 ) 5Ea Mgk (&)

constants of Ge films deposited at 2.0 nm/s with refer-
ence data ", The optical constant dispersion proper-
ties of Ge films in this work exhibit consistency with pub-
lished data, while the observed deviations in specific
spectral regions are primarily attributed to the differences
in thin-film deposition conditions and the distinct disper-
sion models employed for optical constants fitting.
2.3 Stress properties of Ge films

Residual stress is a crucial mechanical property of
infrared optical coatings, significantly influencing their
performance and environmental reliability. Thin films
typically experience elastic mechanical stress both dur-
ing and after deposition. Intrinsic stress, which is inher-
ent to the deposition process, can be either tensile,
where the film contracts parallel to its surface, or com-
pressive, where the film expands parallel to its surface.
The total residual stress, o, is often analyzed in terms of
three components™' ', as follows :

oc=0,+t0 (10)

where o, represents the external stress caused by exter-
nal forces, and o, and o denote the thermal stress and

the int

the o int °

Table 1 Cody-Lorentz model parameters of Ge films deposited at different rates in the 1.0 - 2.5 pm band.
FR1 AEHERTIRN Ge HIE7E1.0~2.5 pmiF A Cody—Lorentz #8 £

Sample e, A (eV) E,(eV) I'(ev) E(eV) E(eV) E(eV)  E (eV) Thickness(nm)
Ge=0. 3nm/s 1.0 1137.7 1.679 3.5 0. 803 6.033 0.224 0.138 1296.9
Ge=0. 6nm/s 1.0 1082.2 1. 657 3.5 0. 802 5.767 0.240 0.139 1298.5
Ge=1. Onm/s 1.0 1060. 9 1.637 3.5 0. 801 5.622 0.244 0. 142 1300. 3
Ge=1. Snm/s 1.0 1087.0 1. 620 3.5 0.797 5.663 0.251 0. 142 1301.2
Ge=2. Onm/s 1.0 1121. 1 1.611 3.5 0. 788 5.761 0. 261 0.143 1303.9

Table 2 Lorentz Oscillator model parameters of Ge films deposited at different rates in the 2.5 - 13.0 pm band.
xR2 AEERTBH GeHIETE2.5~13.0 pm B Lorentz Oscillator 15! 54§

Sample e, E(eV) A (eV) T (eV) E,(eV) A(107%V) I,(eV) E (eV) A,(107%V) I (eV)
Ge-0.3nm/s  12.0  1.214  0.764  0.0143  0.0654 9.440 0 0. 107 4.058 0.018
Ge-0.6nm/s  12.0  1.214  0.768  0.0153  0.0654 0 0 0. 107 3.615 0.019
Ge-1.0nm/s ~ 12.0  1.214  0.773  0.0175  0.0654 0 0 0. 107 2.268 0.014
Ge-1.5nm/s  12.0  1.214  0.778  0.0185  0.0654 0 0 0. 107 1. 652 0.015
Ge-2.0nm/s  12.0  1.214  0.782  0.0210  0.0654 0 0 0. 107 0 0
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intrinsic stress, respectively. Thermal stress arises when
significant differences exist in the thermal expansion co-
efficients between the film and substrate, which can be
described as follows'"':

i
a-lhe =

1 - v

)wraﬂﬂ—n) . (1)

where E, and v, denote the Young’s modulus and Poisson’
s ratio of the film, while o, and o, represent the thermal
expansion coefficients of the film and substrate, respec-
tively; T, and T,refer to the temperatures during film de-
position and measurement, respectively. For Ge materi-
al, the Young’ s modulus is 103.7 GPa, and the Pois-
son’ s ratio is 0. 278. The thermal expansion coefficients
of the Ge film and the ZnSe substrate are 5. 8x10 °/°C
and 7. 6x107° /°C, respectively. The temperatures during
film deposition and measurement are 200°C and 25°C, re-
spectively. All the Ge film samples in this study were de-
posited at the same temperature, so their thermal stress-
es can be approximated as equal. The thermal stress of
Ge film on the ZnSe substrate is compressive and is cal-
culated to be —45. 2 MPa according to Eq. (11). Intrin-
sic stress is highly sensitive to the microstructure of the
film, originating from the mode of film growth and the in-
teractions within its microstructure, and can also be af-
fected by contamination. Typically, intrinsic siress pre-
dominates in thin films and has been the focus of exten-
sive research.

Figures 6 (a) - (e) show the surface shapes of Ge
film samples deposited at different rates and Fig. 6 (f)
presents the residual stresses of these samples. As shown
in the figures, a positive stress value indicates tensile
stress in the film, causing the coated surface to become
concave. Conversely, a negative stress value represents
compressive stress, resulting in a convex coated surface.
Ge films deposited at different rates exhibit tensile stress-
es, indicating that the intrinsic stresses play a decisive
role, while the residual stresses gradually decrease with
increasing deposition rate. Generally, a higher refractive
index for the same material corresponds to a higher pack-
ing density. Based on the fitting results of the refractive
indices of Ge films, the stacking density of the films grad-
ually increases with increasing deposition rate. For films
deposited via evaporation, the kinetic energy of the de-
posited particles is closely related to the stacking densi-
ty. Leplan and Pauleau et al. pointed out a direct corre-
lation between the residual stress and packing density of
the film"*". At lower deposition rates, nucleation occurs
slowly, and vapor molecules primarily condense on large
aggregates, resulting in a looser film structure. In con-
trast, at higher deposition rates, the deposited particles
reach the substrate with greater kinetic energy, facilitat-
ing the filling of voids and forming a denser film struc-
ture, i. e., a higher packing density. This structural
transformation causes variations in the intrinsic stress
within the film, shifting from tensile to compressive as
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las], tensile stress due to intrinsic stress effects with increas-

ing deposition rate.

the packing density increases Consequently, the re-
sidual stress macroscopically manifests as a decrease in
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2.4 Application of rate—-modulated deposition of
Ge films in infrared filters

The above research demonstrates that the optical ab-
sorption of Ge films in the SWIR and LWIR bands can be
effectively reduced by modulating the deposition rate.
Based on this finding, we proposed a rate-modulated
method for fabricating infrared filters to enhance their
performance in the SWIR and LWIR bands. In this
study, the effectiveness of this method was verified
through experimental demonstrations. Ge and ZnSe thin
films were selected for the preparation of infrared filters
in the SWIR and LWIR bands, respectively. The design
structure of the infrared filters was Sub | 0. 988H 2L 1H
IL1H IL 1H 2L 1H 1L 1H 1L 1H 1L 1H 2L 1H 1L 1H
1L 1H 2L 0. 404H 0. 861L | Air, where Sub refers to the
ZnSe substrate; H and L denote the quarter-wave optical
thicknesses of Ge and ZnSe layers, respectively; the val-
ues preceding H and L denote the optical thickness coef-
ficients. The reference wavelengths were 2. 13 pm and
10. 8 pwm, respectively. Additionally, an antireflection
coating was applied to the backside of the substrate to
eliminate the reflection effects. During the preparation of
the infrared filters, Ge films were deposited at two rates:
0.3 and 2.0 nm/s, while other process conditions re-
mained consistent. Figure 7 (a) shows the transmittance
spectra of the infrared filters prepared using Ge films de-
posited at two rates in the SWIR bands. At a deposition
rate of 0.3 nm/s, the resulting infrared filter achieves a
transmittance of 90. 5%, which is 3% higher than that of
the filter deposited at 2. 0 nm/s. This improvement is due
to the reduced optical absorption of the Ge films deposit-
ed at 0. 3 nm/s in the SWIR band. Figure 7(b) presents
the transmittance spectra of the infrared filters in the
LWIR bands. The filter prepared with Ge films deposited
at 2. 0 nm/s exhibits a transmittance of 95. 1%, which is
9% higher than that of the filter deposited at 0.3 nm/s.
This enhancement is primarily attributed to the lower op-
tical absorption of the Ge films deposited at 2. 0 nm/s.
Furthermore, the center wavelength of the infrared filter
is 10. 8 pm, and the increased thickness of the Ge film
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contributes to the higher optical absorption. These re-
sults suggest that low-rate deposition of Ge films is more
suitable for SWIR filter fabrication, whereas high-rate
deposition is preferable for LWIR filter fabrication.

3 Conclusion

To reduce the optical absorption of Ge films in the
SWIR and LWIR bands and enhance the performance of
infrared filters, we systematically investigated the influ-
ence of deposition rate on the structure, optical and
stress properties of Ge films, and proposed a rate-modu-
lated method to fabricate the filters. The results indicate
that as the deposition rate increases, the Ge films main-
tain an amorphous structure. The optical constants of Ge
films in the 1.0 = 2.5 pm and 2.5 - 13. 0 pm bands
were precisely determined using the Cody-Lorentz model
and the classical Lorentz oscillator model, respectively.
Higher deposition rates result in an increased refractive
index. The extinction coefficient rises in the SWIR re-
gion with increasing deposition rate, attributed to the
widening of the Urbach tail. Conversely, in the LWIR re-
gion (10.5 - 12.5 pm) , the extinction coefficient de-
creases as higher deposition rates reduce the absorption
caused by the Ge — O stretching mode. Additionally, the
tensile stress in the films decreases with increasing depo-
sition rate. Finally, the effectiveness of the proposed fab-
rication method for an infrared filter with Ge films depos-
ited at an optimized rate was demonstrated through practi-
cal examples. This work is significant for advancing the
application of Ge films in high-performance infrared thin-
film devices.
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