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Refractive index of Ge film at low temperature
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Abstract: Germanium (Ge) films with physical thickness of 1600nm was deposited on ZnSe substrates by an elec-
tron beam evaporation system. The transmittance of Ge film in the range of 2 to 15 pm was measured by a
PerkinElmer FTIR cryogenic testing system from 80 K to 300 K with a step length of 20 K. Then, the relationship
between the refractive index and wavelength in the 2 ~12 pm region at different temperatures was obtained by the
full spectrum inversion method fitting. It can be seen that the relationship confirms to the Cauchy formula. The re-
lationship between the refractive index of Ge film and the temperature / wavelength can be expressed as n(A,T) =
0.41698  0.17384
FUY
on the Cauchy formula. Finally, the accuracy of the formula was verified by comparing the theoretical value ob-

3.29669 +0. 000157 +5.96834 x 10 °T* + , which was obtained by the fitting method based

tained by the formula with the measured result.
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Introduction

Infrared optical film is a key part of the optical sys-
tem, especially the space camera and scanner, as it de-
termines the image quality directly''™’. When the optical
film is under cryogenic condition in space environment,
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its spectrum will drift significantly compared with the nor-
mal temperature , which is mainly caused by the tempera-
ture coefficient of the refractive index for the film materi-
als""®'. Germanium (Ge) has proved to be the most use-
ful material for applications as window or lens in the 2-15
pm region due to its excellent properties such as high re-
fractive index and wide transparent region. The optical
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properties of Ge in the cryogenic temperature have been
studied by the Infrared Multilayer Laboratory in the Uni-
versity of Reading, UK. Meanwhile, Ge film was widely
used in infrared optical filters especially in the middle
and far infrared region'”®’. The refractive index of Ge
film under cryogenic condition was commonly obtained by
fitting and extrapolation''”""". However, it is relatively
poor in terms of accuracy and efficiency, which would
make sense of addressing these problems in manufactur-
ing of high precision infrared filters.

This work is aimed at establishing a formula that can
obtain the refractive index of Ge film in the transparent
region quickly under different temperatures. By measur-
ing the spectral transmittance of the Ge film, the refrac-
tive index and the parameters of the Cauchy dispersion
formula at different temperatures can be derived, and
then the relationship between the parameters and the
temperatures was obtained by numerical fitting. Finally,
the relationship between the refractive index of Ge film
and the temperature/wavelength is received, and the ac-
curacy of the formula is verified.

1 Theoretical basis and methods

The interference effect will happen when lights
spread into transparent film. The spectral transmittance
through a monolayer film can be expressed as ¢t =4n,n ./

I sin sing
‘nOB+C‘2“0‘m . where (lg) _ [ €08 COSQ N]

i Nsinsing  cos cosa

(1 ), a =2aNd/A, N = n - ik, ) is the incident wavelength,
n.‘

ny and n, are the refractive indices of the air and sub-
strate, respectively. It is obvious that the transmittance ¢
is a multivariate function of the parameters n, k and d of
the thin film. According to the theory of optical film and
the extremum T, and T, of the spectrum, the refrac-
tive index of the film can be expressed as

n,= (A+ (A —mn2)"™)'? 1, (1)

-1/t

where A =ny +n’/2 +2nyn, (1/1,,, e ) s Mo and n,
are the refractive indices of the air and substrate, respec-
tively.

As the initial value, the result of Eq. 1 was used to
calculate the value of the refractive index of the film, and
the designed thickness was taken as the initial thickness
of the film. Then, the wavelength range A, — A, was
divided into S intervals. The evaluation function was con-
structed by the difference of the actual measured value I
(A) and the theoretical value of (1), using the mini-
mum of Merit as the objective function to get the optical
parameters of the interval i, where the range of the opti-
cal parameters of the film was set as the constraint condi-
tion to construct the model of the optimization ;

min Merit (i) = [ (1) [((X) = 1(1) JdA
, (2)

<n <n,

s. t. {nlbl SN = Ny, , (3)
d/bi = di = dubi

where Eq. 2 is the objective function, Eq. 3 is the con-

straint condition, the lower and upper bounds of interval

i are A, and A, , respectively, and w(A) is the weight
factor of A. An integrated optimization algorithm based
on the nonlinear least squares method and the improved
genetic algorithm is used to solve the equation. Then,
the optical parameters of interval i were obtained. Final-
ly, the optical parameters of the remaining S-1 intervals
can be received in turn, and the optical parameters of the
whole wavelength range of the film were obtained.
Double-sided polished single crystal ZnSe wafers
with the size of 15 x 15 mm” were selected as substrates.
Then Ge single layer film with thickness of 1600 nm was
coated on ZnSe substrates by electron beam evaporation
using a Denton automatic optical coating machine. Dur-
ing the coating process, the pressure was 3.0 x 10 Pa,
substrate temperature was 453 K, and the deposition rate
was 2 A/s. At last, the transmittance of Ge single film in
2 ~15 pm region was measured by a Perkin Elmer FTIR
cryogenic testing system within temperature range 80 ~

300 K, with a step length of 20 K.
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2 Results and discussions

The transmitted spectra of the Ge film at 80, 140,
200, 260 and 300 K are shown in Fig. 1. It can be seen
that the peaks and valleys of the spectrum drift towards
short wavelength entirely when the temperature de-
creased. The drift distance of the valley with longer
wavelength is much larger than the peak. This can be as-
cribed to positive temperature coefficient of refractive in-
dex for Ge film, which leads to a spectra blue shift at a
lower temperature, which is different from the PbTe
film'"®. Meanwhile, the change rate of refractive index
of Ge film with temperature is bigger in long wavelength
region than in short wavelength region. In addition, there
is a serious absorption in 10 ~ 15 pm region estimated by
the lower peak of the transmittance.

80 K
140 K
200 K
260 K
300 K
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Wavelength/nm

Fig.1 The transmitted spectra of Ge films at 80, 140,
200, 260 and 300 K
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Figure 2 shows the relationship between the refrac-
tive index and wavelength obtained by full spectrum in-
version fitting method at 80, 140, 200, 260 and 300 K
in the 2 ~12 pm region. It can be seen that the refrac-
tive index of Ge film decreases with longer wavelength
and the trend is almost the same for different tempera-
tures. Moreover, the relationship between the refractive
index and wavelength confirms Cauchy formula which can
be used by the fitting method.
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Fig.2  The relationship between the refractive index and
wavelength at 80, 140, 200, 260 and 300 K in the 2 ~ 12 pm
region
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The Cauchy formula can be expressed as n(A) =4,
B, ¢,
+ /\2 + /\4 .
A, B, and C "', Then the relationships between the
unknown parameters and the temperature T are re-
searched below.

The relationship between A, and T obtained by the
binomial fitting method is shown in Fig. 3. It can be ex-
pressed as A, =3.29669 +0.000 157 +5. 968 34 x 10 ~°
T*, where the square of correlation coefficient R is
0.99636, and the standard error is 0. 002 45. Conse-
quently, the difference between A, and A, is 0.5447
within the temperature range of 80 ~300 K, and the tem-
perature coefficient of A, is 0.00248 K.

in which there are three unknown parameters

no

Fig.3 The relationship between A, and T
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The relationship between B,/C, and T are shown in
Fig. 4. It can be seen that the temperature has lesser
effect on B, and C,, which can be taken as an average of
their value, respectively. The maximum effects of the B,
and C, on the temperature coefficients of the refractive
index for Ge film are 1.42 x 10> and 4.67 x10 7 K",
respectively.

Based on the above analysis, the relationship be-
tween the Ge film’ s refractive index and temperature /
wavelength was obtained by fitting method based on the
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Fig.4 The relationships between (a)B, and (b)C, and T
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Cauchy formula that can be expressed as:
n(A,T) =3.29669 +0.00015T +5.96834 x 107°7T*
+0.41698/A% +0.17384/7" . (4

The temperature coefficient of the refractive index
for Ge film is approximately 0. 002 48 K~'. Compared
with the results of Ge substrate from the Infrared Multi-
layer Laboratory, the data of film is much larger, which
is mainly due to poor density of the film.

Figure 5 shows the comparison of the designed spec-
tra by the formula and the measured spectra at 80 K and
300 K. As we can see, the measured spectra coincide
exactly with the designed value at 80 K and 300 K in the
2 ~10 m region, which proves the accuracy of the tem-
perature coefficient of the refractive index for Ge film.
Because of the absorption of the Ge film, there is a devi-
ation between the calculated spectra and the measured
spectra in the 10 ~12 pm region.

3 Conclusions

In summary, the relationship between the refractive
index of Ge film and the temperature / wavelength was
obtained. The formula was established by a fitting meth-
od based on the Cauchy formula. The temperature coeffi-
cient of the refractive index for Ge film is approximately
0.00248 K~'. These results can be used to calculate the
refractive index of Ge film at different temperatures with-
in the wavelength range of 2 ~10 pum, which is benefi-
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Fig. 5 The contrast of the designed spectra by the
formula and the measured spectra at (a) 80 K (b)
300 K
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cial for the manufacturing of optical devices with high
temperature stability.
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