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a b s t r a c t

The Ge-film-based photon-counting imaging detector is a key component of optical payload

in space weather observation. It's important to study the space temperature adaptability of

Ge filmsince the performances of Ge filmare extremely sensitive to the temperature. Herein,

the in-situ tests are proposed to measure the resistance and stress of the Ge film at the

operating temperature. It is demonstrated that the resistance decreases from 520 MU/, to

124MU/, linearly between�20 �Cand80 �C,which canmeet the requirement of the imaging

systemwell.And thestressgradually releases in the thermal cycle.Theex-situ test is adopted

to investigate the limited temperature adaptability and the intrinsic mechanism of perfor-

mance variations. When the temperature increased to 600 �C, Ge film failed and cracked

because of resistance reducing to 30 KU/, and stress increasing to 504 Mpa. Meanwhile,

methods were proposed to enhance the temperature adaptability of Ge film by analyzing

crystal phaseandopticalbandgap.Thus, the resistanceandstresschangesofGefilminspace

have little effect on the performances of imaging system. The Ge filmwith high temperature

adaptability and low stress we prepared is promising in the space observation.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Space weather phenomena such as the plasmasphere, aurora

andcoronahaveagreat impacton theproduction, survival and

spaceactivitiesofhumanbeing.Thespaceweathermonitoring

which used in scientific researches and applications has been
).
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establishedgradually inChina.Theextremeultraviolet camera

(EUVC) [1] of Chinese Chang’E�3 (CE-3) andWide Angle Aurora

Imager(WAAI) [2,3] of Fengyun-3 have observed the Earth's
plasmasphere and aurora successfully, and the corona will be

imaged by Lyman-alpha Solar Telescope (LST) [4,5]of the

Advanced Space-based Solar Observatory (ASO-S) in 2022.
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Photon counting imaging detector [6,7], with the advan-

tages of low noise, high sensitivity, high dynamic range and

strong anti-radiation ability, can meet the imaging re-

quirements of observation mission of space weather. It has

been adopted in the space weather detection by the EUVC,

WAAI, and LST mentioned above. It is consisted of a micro-

channel plate (MCP), a position sensitive anode [8,9] and a

position readout circuit. The Ge film, as a charge induced layer

of the position sensitive anode, can effectively reduce the

image distortion and improve the imaging signal-to-noise

ratio. During the operation of the detector, the resistance of

the Ge filmmust be stabilized within a certain high resistance

range, otherwise, the image quality will be reduced seriously

[10]. Moreover, large stress may induce film cracking and

deformation of the position sensitive anode, leading to the

failure of the imaging system. However, the resistance and

stress of Ge film are extremely sensitive to the ambient tem-

perature. The space environment temperature of spacecraft is

general between �180 �C and 150 �C. Thus, it's necessary to

study the resistance and stress performance of the Ge film in

the space temperature environment.

The influence of thermal annealing on the photoelectric

properties of Ge film has been studied by different

researchers. Tsou et al. [11] deposited the Ge film through

e-beam evaporation, then compared the optoelectronic

properties difference between the microwave annealing and

rapid thermal annealing. Khan et al. [12] deposited the Ge thin

films by e-beam evaporation either, and investigated the op-

tical and electrical properties of Ge films annealed in the

temperature range from 100 to 500 �C in air. Peng et al. [13]

studied preparationmethod of polycrystalline Ge film through

the Al-induced annealing for thin-film transistors and solar

cells. Liao et al. [14] prepared the metal-induced crystalliza-

tion of ultrathin Ge films by rapid thermal annealing for CMOS

production. Witvrouw et al. [15] and Fahnline et al. [16]

demonstrated that the stress of Ge films released after

annealing process. Ponraj et al. [17] studied the residual stress

of Ge film which grown as an epilayer at different tempera-

ture. Zhao et al. [18] studied the influence of Ge films

annealing at different temperatures on the imaging quality of

photon-counting imaging detector. What should be noticed is

that, all the thermal studies of Ge film mentioned above were

the ex-situ measurements after annealing instead of in-situ

measurements. So the in-situ and real-time performances of

Ge film in space temperature environment have not been
Fig. 1 e Aluminum temperature control fixture (a)
studied yet. Moreover, little work has been devoted to the

limited temperature adaptability of Ge film. Furthermore, the

principle of the photoelectric performances of Ge films

affected by temperature has not been fully investigated.

In this paper, we proposed the in-situ and real-time resis-

tance and stress tests of Ge film at the typical operating

temperature between �20 �C and 80 �C controlled by the

thermal control system in spacecraft. To investigate the

limited temperature adaptability of Ge film, ex-situ resistance

and stress tests were studied from �190 �C to 600 �C, which

covers different kinds of environment temperatures in the

space. Meanwhile, by analyzing the crystal phase and optical

band gap of the microstructure in the Ge film at different

temperatures, the inclusive mechanism of the changing

photoelectric properties were studied. Based on this research,

we presents the preparation method of high-adaptability Ge

film that is promising in aerospace applications.
2. Experimental details

2.1. Ge film synthesis and characterization

Ge films were deposited by magnetron sputtering coating

machine on the silica substrates with a diameter of 33 mm, a

thickness of 1.5 mm, and a surface roughness (RMS) of 0.6 nm.

The purity of the Ge target was 99.999%. The resistance was

measured by the sheet resistance meter (Jandel RM3-AR). The

X-ray diffraction (XRD) was performed by the Rigaku

DMAX2000 X-ray diffractometer which uses the Cu K-a line

(l ¼ 0.154 nm) with an angle resolution of 0.005�. The surface

morphology was measured by the optical microscope and the

surface profilometer (New View 6000STP, zygo). The surface

shape of each substrate was measured by zygo GPI XP/D

interferometer.

2.2. In-situ and ex-situ electrical test

The in-situ temperature control device is shown in Fig. 1 (a). Ge

film sample was placed in an aluminum temperature control

fixture, that inner side of the fixture was smeared with heat-

conducting silica gel, and the back of the sample was fully

contacted with the heat-conducting silica gel, so that heat

could be effectively conduct. Temperature sensors were

attached on the front and back of the fixture to monitor the
, temperature real-time controlled system (b).
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Fig. 2 e Low temperature environment vacuum chamber (a), High temperature molybdenum annealing vacuum furnace (b).
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temperature respectively, and the high-temperature heating

sheets were attached to the back of the fixture. The tempera-

ture control system controlled the heating power in real time

through the sample temperature fed back by the temperature

sensor, so as to realize the precise control of the sample tem-

perature [19], as shown in Fig. 1(b). In the in-situ experiment,

the sample that in the fixture was put on the resistance test

stage, then put into the low temperature environment vacuum

chamberas showninFig. 2(a), and the leadwireswere ledout to

the resistancemeter and temperature control system outside.

The resistance of samples was measured for real-time in the

temperature range from �20 �C to 80 �C, which was the oper-

ating temperature of photon-counting detector controlled by

temperature controlled system of payload in space.

The ex-situ electrical tests mean that the resistance of

samples was measured at room temperature (RT, 22 �C) after
the samples being treated at �190 �C, RT and 100 �Ce600 �C
with the step of 100 �C for an hour, respectively. As shown in

Fig. 2 (a), the inner wall pipeline of low temperature environ-

ment vacuum chamber can be filled with liquid nitrogen to

reduce the chamber temperature, and the lowest temperature

can reach�190 �C. As shown in Fig. 2 (b), the high temperature

molybdenum annealing vacuum furnace can be heated up to

maximum 1000 �C. Both of the chambers are vacuumed above

1 � 10�4 Pa when testing.

2.3. In-situ and ex-situ stress test

The surface shape of each substrate was measured by zygo

GPI XP/D interferometer before and after coating. The sam-

ple's curvature was calculated by the PV value. Then, the film

stress can be calculated by Stoney equation [20]:

d¼ Es

6ð1� vsÞ
t2s
tf

�
1
R
� 1
R0

�
(1)

where d is the stress of the Ge film, Es ¼ 71.7 Gpa is the Young's
modulus, vs ¼ 0.17 is the Poisson's ratio, ts is the thickness of
the substrate, tf is the thickness of film, and R0 and R are the

curvatures of the substrate before and after film deposition

respectively.

In the in-situ stress tests, we also used the temperature

controlled system mentioned in section 2.2. As is shown in

Fig. 3, the zygo GPI XP/D interferometer can be only operating

in air, so the experimental equipment can just keep the

sample in the temperature range from 22 �C to 130 �C without

temperature under 0 �C. The stress was tested at different

temperature by zygo GPI XP/D interferometer. The condition

of ex-situ stress tests was the same with the ex-situ electrical

tests as mentioned in section 2.2. The samples were treated at

�190 �C, RT and 100 �Ce600 �C with the step of 100 �C for an

hour, respectively. And the stress was calculated after the

thermal treatment.
3. Electrical test results and discussion

3.1. In-situ electrical test

Ge film is the charge induced layer of the photon-counting

imaging detector, and its electrical properties have a great in-

fluence on the optical imagers in Space misson [1,2,4]. In our

earlier studies [10], the resistance and thickness of Ge films

have dramatic influence on the resolution of imaging system.

The imaging performance is excellent and stable as the resis-

tance ofGefilm iswithin the range from100MU/,to 1G/U. The

imagequality becomesworsewhen the resistance is out of this

rangemore. For instance, if the resistance of Ge film is 20KU/,

or 2G/U, the resolution will be greatly reduced. In the in-situ

resistance tests of our study, as shown in Fig. 4, the resis-

tance of Ge filmdecreases linearly from520 to 124MU/,when

the temperature ranges from �20 to 80 �C. This range of resis-

tance variation is within the optimum imaging range of resis-

tance. Therefore, the in-situ resistance studies demonstrate

that the resolution of imaging system can't be affected by the
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Fig. 3 e Thin film residual stress testing device.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 5 : 6 6 7 0e6 6 7 7 6673
resistance variation when the photon-counting detector of

payload operating in the space temperature environment.

In addition, through the slope of the linear portion of the

resistanceetemperature curve in Fig. 4, the TCR (temperature

coefficient of resistance) can be calculated from Eq. (2):

TCR¼ 1
R
dR
dT

(2)

The TCR of Ge films is determined to be �9480 ppm/�C.

Generally, the detector temperature can be controlled be-

tween �20 and 80 �C with the temperature control system of

the payload. However, once the temperature control system is

broken or out of control, the Ge film will be exposed to the

extremespacetemperatureenvironment ranging from�180 �C
to 150 �C. Therefore, it's necessary to investigate the limited

temperature that the Ge film can adapt to, and the intrinsic

mechanismof performances variationof theGefilm.However,

the temperature control range of the in-situ experimental
Fig. 4 e The in-situ sheet resistance of the Ge films as a

function of temperature.
system is limited, so we perform the ex-situ electrical tests,

which temperature range can reach from �190 �C to 600 �C.

3.2. Ex-situ electrical test

We performed the ex-situ electrical test to research into

limited temperature adaptability of Ge film. Figure 5 (a) shows

the change of the sheet resistance of Ge films in room tem-

perature after different temperature annealing. The curve in

the figure shows that low temperature treatment (�190 �C) has
no effect on the resistance, and the resistance increases

continuously from 9.8 MU/, to 502 MU/, in the temperature

range from 100 �C to 500 �C. The increase of resistance is due

to the changed optical band gap after annealing [21e23]. The

optical band gap is determined by the disorder degree and the

density of defects. During the annealing, the unsaturated de-

fects bonds of the materials are gradually annealed out, and a

large number of saturated bonds generate. Therefore, as

shown in Fig. 5 (b), the optical band gap of Ge film increases

from 0.82 to 0.96 eV in the temperature range from RT to

500 �C, and the resistance increases along with it. After this

increase, the resistance of the sample drops significantly by 3

orders to a minimum value of 30 KU/, at 600 �C, and the

optical band gap also rapidly decrease to 0.56 eV at this time.

The Ge film fails due to the resistance reducing to 30 KU/,. So

it is concluded that the limited temperature of Ge film is

500 �C. The sharp decrease of resistance is attributed to the

transformation from amorphous to crystalline of Ge film,

which is demonstrated by the XRD patterns in Fig. 6.

As can be seen from Fig. 6, the wide band peak around 27�

is the non-crystalline diffraction peak of Ge film. The absence

of sharp structural peaks of XRD spectra between 400 �C and

�190 �C indicates the film is amorphous before 400 �C, and low

temperature (�190 �C) can't change the structure of Ge films.

When the film is annealed at 600 �C, the non-crystalline peak

diminishes and the sharp peaks of Ge [012], Ge [220], Ge [310]

at 31�, 39� and 46� appear, indicating the Ge film is completely

crystalline. The experimental results obtained are in

https://doi.org/10.1016/j.jmrt.2021.11.071
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Fig. 5 e The sheet resistance of the Ge films (a) and the optical band gap of Ge films (b) against the annealing temperature.
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accordance with the decrease of sheet resistance at 600 �C
mentioned above. It also shows that the crystalline tempera-

ture of DC magnetron sputtering Ge film is 600 �C.

3.3. Adaptability enhancement of Ge film

According to the analysis of the mechanism of performances

change of Ge film with temperature in section 3.2, it can be

seen that the Ge film resistance changes only when the

annealing temperature increases the optical band gap of the

film. Therefore, the resistance of annealed Ge film doesn't
change in the next annealing with a lower annealing tem-

perature because the lower temperature can't provide enough

active energy to enhance the optical band gap. To enhance the

adaptability of Ge film, the Ge films used in image payload of

spacecraft have been annealed at a high temperature above

150 �C. The temperature of space such as lunar surface ranges

from �180 �C to 150 �C. Therefore, the temperature environ-

ment of space environment can't change the resistance of the

Ge filmswe prepared. The sheet resistance of the Ge films only

varies with the different operating temperature, but the

changes we demonstrated in section 3.2 has no effect on the

imaging performance. The high-adaptability Ge film we pre-

pared is promising in the optical payload of spacecraft.
Fig. 6 e XRD patterns of as-deposited and annealed Ge

films.
4. Stress test results and discussion

4.1. Residual stress evolution as measured during in-
situ annealing

Large stress always results in folding and cracking of the Ge

film, and it is strongly affected by temperature. In-situ stress

measurements of Ge films were performed using the method

described in Section 2.3. The stress was measured continu-

ously during the thermal cycle that heating up from RT to

130 �Cand then cooling down toRT. As canbe seen in Fig. 7, the

initial stress of Ge film is �470 Mpa, and it decreases linearly

with increasing temperature due to the mismatch of the ther-

mal expansion coefficient between the substrate and the Ge

film.When the temperature beyond 60 �C, the stress increases

abruptly, and gradually releases to �344 Mpa at 130 �C. The
sudden change at 60 �C can be related to the onset of the vapor

degassing and defects annihilating [24]. During the cooling

process, the stress firstly increases to �257 Mpa, then de-

creases to �364 Mpa at RT. The stress of Ge films releases

106Mpa in a thermal cycle. This releases of stress are beneficial

for the Ge film. And the induced surface shape change of
Fig. 7 e Ex-situ stress of Ge films as a function of

temperature.
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Fig. 8 e Surface shape of Ge film measured by interferometer as a function of temperature (a) substrate, (b) as-deposited, (c)

300 �C, (d) 600 �C.
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position sensitive anode is acceptable. Therefore, the in-situ

stress studies show that the stress and the morphology of Ge

filmdid not change significantly during operating temperature

from 22 �C to 130 �C. We also investigated the ex-situ stress in

the temperature range from190 �Cto600 �Ctostudy the limited

adaptability and mechanism of stress variation.

4.2. Residual stress evolution as measured after ex-situ
annealing

Figure 8 shows the surface shape of the substrate, as depos-

ited, and the Ge film annealed at different temperature. The

corresponding stress is given in Fig. 9, the initial stress of the
Fig. 9 e Ex-situ stress of Ge films as a function of

temperature.
sample is �461 Mpa as shown in Fig. 9 and makes the surface

shape like a sphere in Fig. 8 (b). The stress only increase 3 Mpa

at �190 �C compared with the initial stress of Ge at RT, indi-

cating that low temperature has no effect on the stress of the

Ge films. The stress increases almost linearly when the

annealing temperature increases from 100 to 600 �C. Mean-

while, the stress transforms from compressive to tensile and

achieves zero at 300 �C during when the surface shape returns

to the state of the uncoated substrate as can be seen in Fig. 8

(a) and (c). At 600 �C, the stress achieves 504 Mpa in Fig. 9

and the surface shape concaves downward in Fig. 8(d). Thus,

there is no deformation of the position sensitive anode with

300 �C annealing due to absolutely releasing of the stress.

The variation of stress during annealing is resulted from

the grain growth and nucleation phenomena. The energy

offered by annealingmakes the crystallite grains grow and the

grain boundary area decrease, which is illustrated by Fig. 6 in

section 3.2. The reduction of grain boundary causes film hor-

izontal contraction, which leads to the increase of tensile

stress [25]. Moreover, the reduction of defect, voids and water

during annealing can also densify the films and favor the in-

crease of tensile stress [26]. Therefore, as can be seen in Fig. 9,

the stress of Ge film transforms from compressive to tensile

along with the increasing annealing temperature.

The ex-situ stress tests show that the intrinsic stress in-

crease from �464 Mpa to 504 Mpa in the temperature from

�190 �C to 600 �C. To investigate the stress at which temper-

ature will results in the folds and cracks in the film, the sur-

face morphology was observed.

4.3. Surface morphology

The surface morphology was observed by optical microscope

and surface profilometer as shown in Fig. 10. In the temper-

ature range from 190 �C to 500 �C, the surface morphology

https://doi.org/10.1016/j.jmrt.2021.11.071
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Fig. 10 e (a), (b) Surface morphology image of Ge film after 600 �C annealingmeasured by 10£ optical microscope. (c) Surface

roughnessmeasuringpatternof as-depositedGefilm. (d) Surface roughnessmeasuringpattern of Gefilmafter 600 �Cannealing.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 5 : 6 6 7 0e6 6 7 76676
didn't change significantly. At 600 �C, the stress increases to

504 Mpa, and such high stress gives rise to the partial folding

and cracking on the edge of the Ge film samples as shown in

Fig. 10 (a). Moreover, a large number of 30e150 hm voids are

found after the 600 �C annealing, as shown in Fig. 10 (b) and

(d). Simultaneously, the root mean square (RMS) of rough-

ness increases from 1.14 nm to 3.62 nm after 600 �C annealing

as shown in Fig. 10 (c) and (d). The Ge film is cracked because

of the over large stress after 600 �C annealing. Therefore, the

limited temperature is 500 �C, which is far away from the high

temperature in space.

Based on the ex-situ and in-situ stress test shown in sec-

tion 4.1, 4.2 and 4.3. It is concluded that the low temperature of

�190 �C in space has little effect on the stress of Ge film and

the high temperature of 300 �C is helpful to the absolutely

releasing of the Ge film stress.
5. Summary

We have studied the resistance, structure, and stress of Ge

film at low and high temperature environments both in-situ

and ex-situ.

The in-situ electrical tests show that the resistance de-

creases linearly from 520 to 124 MU/,with temperature from

�20 to 80 �C, and the changing resistance in this range has no

influence on the resolution of imaging system. In the in-situ

stress test, the sample's initial stress is �470 Mpa, and it de-

creases linearly to the maximum of �574 MPa when heating

up to 60 �C, then gradually releases to �363 Mpa after thermal

cycling between RT and 130 �C. It shows that the stress re-

leases after each thermal cycle. And the induced surface
shape deformation of position sensitive anode is acceptable.

The in-situ measurements demonstrate that the Ge film is

able to work effectively at different temperatures of optical

payload in space.

In the ex-situ test, we investigated the limited adaptability

and mechanism of performances variation of Ge film in tem-

perature range of �190 �Ce600 �C. When the Ge film was

treated by annealing temperature of 600 �C, the resistance

dropped abruptly to 30 KU/, due to the crystallization.

Meanwhile, the stress increasing to 504Mpa resulted to the

crack of Ge film at 600 �C. Therefore, it can be concluded that

the limited temperature that the Ge film can adapt to is 500 �C.
The Ge film with high environmental adaptability and low

stress we prepared is promising in the space observation, and

will play a significant role in aerospace application.
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[24] Çetin€orgü-Goldenberg E, Klemberg-Sapieha J-E, Martinu L.
Effect of post deposition annealing on the structure,
composition, and the mechanical and optical characteristics
of niobium and tantalum oxide films. Appl Opt
2012;51(27):6498e507. https://doi.org/10.1364/AO.51.006498.

[25] Pang M, Zhang X-H, Liu Q-X, Fu Y-X, Liu G, Tan W-D. Effect of
preheating temperature of the substrate on residual stress of
Mo/8YSZ functionally gradient thermal barrier coatings
prepared by plasma spraying. Suf Coat Technol
2020;385(15):125377. https://doi.org/10.1016/
j.surfcoat.2020.125377.

[26] Yuan L-H, Wang W-R, Li Y, Yang M-Y, Zhang H, Zhang W-F,
et al. Effect of annealing temperature on texture and residual
stress of Ti-6Al-4V alloy seamless tubing processed by cold
rotary swaging. Vacuum 2020;177:109399. https://doi.org/
10.1016/j.vacuum.2020.109399.

https://doi.org/10.26464/epp2017005
https://doi.org/10.26464/epp2017005
https://doi.org/10.1038/s41377-019-0157-7
https://doi.org/10.1038/s41377-019-0157-7
https://doi.org/10.26464/epp2021003
https://doi.org/10.1088/1674-4527/19/11/159
https://doi.org/10.1088/1674-4527/19/11/159
https://doi.org/10.3389/fphy.2020.00045
https://doi.org/10.3389/fphy.2020.00045
https://doi.org/10.3788/LOP55.060 401
https://doi.org/10.1117/12.2521274
https://doi.org/10.3788/aos201333
https://doi.org/10.1080/09500340.2019.1567844
https://doi.org/10.1080/09500340.2019.1567844
https://doi/.org,10.3788/OPE.20142205.1143
https://doi.org/10.4028/www.scientific.net/AMR.663.431
https://doi.org/10.4028/www.scientific.net/AMR.663.431
https://doi.org/10.1016/j.apsusc.2009.09.043
https://doi.org/10.1016/j.apsusc.2009.09.043
https://doi.org/10.1016/j.apsusc.2012.02.080
https://doi.org/10.1016/j.apsusc.2012.02.080
https://doi.org/10.1063/1.4937270
https://doi.org/10.1063/1.355031
https://doi.org/10.1557/PROC-130-355
https://doi.org/10.1557/PROC-130-355
https://doi.org/10.1088/0268-1242/30/5/055004
https://doi.org/10.1088/0268-1242/30/5/055004
https://doi.org/10.3788/COL20100804.0361
https://doi.org/10.3788/OPE.20142211.3019
https://doi.org/10.3788/OPE.20142211.3019
https://doi.org/10.1098/rspa.1909.0021
https://doi.org/10.1098/rspa.1909.0021
https://doi.org/10.1016/j.jmrt.2020.03.046
https://doi.org/10.1016/j.infrared.2013.06.008
https://doi.org/10.1016/j.infrared.2013.06.008
https://doi.org/10.1016/j.rinp.2019.102218
https://doi.org/10.1364/AO.51.006498
https://doi.org/10.1016/j.surfcoat.2020.125377
https://doi.org/10.1016/j.surfcoat.2020.125377
https://doi.org/10.1016/j.vacuum.2020.109399
https://doi.org/10.1016/j.vacuum.2020.109399
https://doi.org/10.1016/j.jmrt.2021.11.071
https://doi.org/10.1016/j.jmrt.2021.11.071

	Temperature environmental adaptability on electrical and stress properties of Ge film in space
	1. Introduction
	2. Experimental details
	2.1. Ge film synthesis and characterization
	2.2. In-situ and ex-situ electrical test
	2.3. In-situ and ex-situ stress test

	3. Electrical test results and discussion
	3.1. In-situ electrical test
	3.2. Ex-situ electrical test
	3.3. Adaptability enhancement of Ge film

	4. Stress test results and discussion
	4.1. Residual stress evolution as measured during in-situ annealing
	4.2. Residual stress evolution as measured after ex-situ annealing
	4.3. Surface morphology

	5. Summary
	Declaration of Competing Interest
	Acknowledgement
	References


