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Abstract
Amorphous germanium filmswith different thicknesses are deposited bymagnetron sputtering (MS)
method.Optical band gap and surface resistance are characterized. Our analysis reveals that there are
three kinds of structural relaxation (SR) thatmay occur in amorphous germanium (a-Ge), and they
are spontaneous SR (SSR), annealing-induced SR (AISR), andmedium range order (MRO)-to-
continuous randomnetwork (CRN) Sr Samples all demonstrate a band gapwidening after these kinds
of Sr The properties andmechanisms of SSR, AISR, andMRO-to-CRNSR are elucidated, respectively,
which sheds some light on the controversies about SR in a-Ge films. In addition, some experimental
results about SSR andAISR are also provided.

1. Introduction

Structural transformation of amorphous tetrahedral semiconductor has attractedmuch interest among
researchers [1–4], and SR is one of hot topics [4–13]. Theye group [4] found that SR of a-Ge includes SSR after
deposition andAISR, and the conductivity decreases with the increment of time (SSR) and temperature (AISR).
Since then, scientists referred toAISR as SR, andmany experimental and theoretical literatures about AISR of
a-Si and a-Gewere published [5–15]. Roorda group [6–11]made great efforts to elucidatemechanisms of AISR,
and they proposed a compelling scenario for SR of amorphous silicon (a-Si) and a-Ge that encompasses both
defect removal and a reduction in average bond-angle distortion based on high energy X-ray diffraction
measurements [11]. The observation of high volume ofMRO in a-Si and a-Ge [12–14] complicated SR [15–17]
although the existent ofMRO in a-Si and a-Ge is still in debate [18, 19]. Cheng et al [16] provided an
experimental evidence of a diminishing ofMRO in ion-implanted a-Si resulting from thermal annealing based
on analysis offluctuation electronmicroscopymeasurement, and they believed that there is a strong correlation
between structure disordering and thermal relaxation. Subsequently, Roorda [17] questionedCheng’s opinion,
and argued that structure disordering and thermal relaxation are essentially unrelated two processes. In 2016,
Okugawa studied SR in a-Gefilms by aging at ambient temperature [20], and crystallization of a-Ge by electron
irradiation [21], and thermal annealing [22]. They argued that a small fraction ofmetastableMROclusters exist
in as-deposited samples, and there is a reduction ofMROdue to aging at ambient temperature, electron
irradiation, and thermal annealing, respectively. Their arguments are in linewith the views of Cheng. In 2020,
Özyilmaz group prepared free-standingmonolayer amorphous carbon, and it was found that it was reasonable
to describe its structure byMROmodel rather thanCRNmodel [23].

Based on above literature survey, we know that themechanismof SR in a-Ge is still in controversy, although
much improvement has beenmade. In this paper, some experiments were conducted to shed some light on the
debate betweenCheng [16] andRoorda [17], and a generalmodel for SR is proposed based on results of Theye’s
results with taking into account the existent of high volume ofMRO. Thismodel is appropriate for interpreting
most of experimental and theoretical results.
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2. Experiment andmethod

a-Gefilmwas fabricated by a RF-MS deposition systemATC2200-H (AJACompany,USA) in Ar (99.999%) gas.
There are four sputtering sources in our deposition chamber, and they are configured in con-focal tiltmode,
which is shown infigure 1. Two sources were used to deposit a-Gefilm. The substrate wasmounted between the
two sources, and the distance between the substrate and sources is 80 mm. To obtain uniformity, the substrate is
rotated at a speed of 40 rpm. Radio Frequency (SerenCompany,USA)was used to deposit a-Ge. Ge (99.999%)
target with a diameter of 4 inchwas bought fromKurt J. Lesker Company. Radio Frequencywas used to deposit
a-Ge. The base pressure was 5×10−5 Pa, and theworking pressure was 0.1 Pa. The sputtering powerwas kept
at 200W. a-Gefilmwas deposited onΦ30mm fused silica substrate at room temperature. Film thickness was
controlled only by deposition time. The deposition time for two kinds of samples is 5400 s and 7200 s,
respectively.

Film thickness wasmeasured byNEWVIEW6000 interferometer (ZYGOCompany,USA). Reflectance and
transmission of thin filmswere characterized by Lambda 950 Spectrophotometer in thewavelength range of
500–2000 nmwith a step of 1 nm, and the incident angle wasfixed at 8 degree. Surface resistance wasmeasured
by JANDEL four point probing system (MODELRM3-AR, 10 nA). It shouldmention that all surface resistance,
reflectance and transmissionmeasurements were performed at room temperature and ambient environment.

3. Result and discussion

It is well known that a-Gefilm is easily oxidizedwhen exposed to air, and theGeO2 layer above a-Gefilm is no
more than 1.2 nm thick [24]. GeO2 has a high resistivity of 0.1MΩ·cm [25], while Ge 50Ω·cm. Thus, GeO2 layer
has a negligible influence on surface resistance of a-Ge because GeO2 layer and a-Gefilm are connected in
parallel with each other.

The optical band gap of amorphousmaterials can be obtained by Tauc’s equation, which is given by [26–28]

( ) ( ) ( )a n n= -h B h E 1n
g

1

where hv is the photon energy,B is the edgewidth parameter dependent on structural disorder offilms,α is the
absorption coefficient, and n is exponent. ForGe, known as an indirect semiconductor, nwas chosen as 2
[26–28]. The absorption coefficient is characterized by 4πk/λ, where k is extinction coefficient, andλ is
wavelength. Extinction coefficient k can be determined by reflectance and transmission of thinfilms [29].
Figure 2 shows anTauc plot of the sample with a thickness of 364.5 nm, the linear portion is extrapolated to yield
the optical band gap Eg at (αhv)

1/2=0, and the value ofEg is 0.891 eV.
Table 1 shows results of surface resistance ρs and optical energy band gap Eg. Two samples were annealed at

300 °C in a vacuumchamber (3.0×10−5 Pa) after theywere aged for twomonths. Surface resistance ρs and
optical energy band gapEg were characterized at different stages, such as as-deposited, aged, and annealed. The
thickness of two samples is 364.5 and 486.0 nm, respectively. Surface resistance increasedwhen samples
underwent sequentially three stages. Band gap shows an increment of 0.011–0.013 eV atfirst-aged stage as
compared to as-deposited stage, and 0.119–0.126 eV at annealed stage as compared to aged stage. An increment
of 0.119–0.126 eVdue to annealing shows good agreements with 0.12 [30] for a-Ge and 0.13 eV [31] for a-Si. It
was proposed byTheye [4] that surface resistance increment after depositionwas referred to as one

Figure 1. Sketch of our deposition system.
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phenomenon of SSR.Here, besides surface resistance increment, an increment of 0.011–0.013 eVdue to aging
for twomonths is also shown in table 1, and this increment is another phenomenon of SSR. There are two
reasons that this incrementwas not found out until now. Firstly, this increment is very small (only∼0.012 eV),
andmuch care should be paid tomeasure it; secondly, as-deposited samples show fast SR, and theymust be
characterized as soon as possible.

3.1. SSR
3.1.1. SSR at low temperature
Two samples with a thickness of 100 nmwere deposited simultaneously. One sample was kept at−195 °C in a
vacuumchamber (10–5 Pa); the other onewas kept at room temperature and ambient environment. After 7 days,
two samples were simultaneouslymeasured at room temperature and ambient environment. Table 2 shows
results of surface resistance ρs for samples kept at low temperature and room temperature, respectively. They all
show a similar resistivity increase; this implies that they all underwent SSR regardless of temperature. SSR can
occur even though at very low temperature. This result informs us that SSR, different fromAISR, does not need
external activation energy.

Figure 2.Tauc plot of the samplewith a thickness of 364.5 nm.

Table 1.Results of surface resistance ρs and optical band gap Eg.

SSR AISR

As-deposited (i)
aged (ii) (two
months)

Annealed (iii)
(300±5 °C)

d* rs
* Eg* ρs Eg ρs Eg

(nm) (MΩ/,) (eV) (MΩ/,) (eV) (MΩ/,) (eV)
364.5 3.05 0.891 4.54 0.904 14.30 1.023

486.0 2.82 0.884 4.07 0.895 10.80 1.021

*The error of surface resistance is±1%, the error of band gap is±0.02 eV, and the error

of thickness is±2.0 nm. Surface resistance of first samplewasmeasured at 24.6, 21.6,

and 20.9 °C, respectively. Surface resistance of second samplewasmeasured at 22.0,

21.6, and 20.9 °C, respectively. The error of temperature is±0.1 °C.

Table 2.Results of surface resistance ρs for samples kept at low temperature and room temperature, respectively.

ρs
* (MΩ/,) (as-deposited) Kept at temperature (°C) ρs (MΩ/,) (after 7 days of SR)

#1 100.0 −195±3 228.3

#2 99.5 23±1 225.9

*The error of surface resistance is±1%.
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3.1.2. Theoretical calculation of SSR
As shown in table 1, it is obvious that samples underwent SR after deposition. This process is spontaneous, and
does not need external activation energy. Thefinal surface resistance after spontaneous relaxation can be
calculated by equation (2) [32–34].

⎜ ⎟⎛
⎝

⎞
⎠ ( )=

D
R R

E

kT
exp 20

whereR0 is initial surface resistance,ΔE is energy change, k is Boltzmann constant, andT is temperature. Here
we regard band gap changes as energy changes. Table 3 shows experimental and theoretical simulated results of
surface resistance after spontaneous relaxation. Theoretical results of surface resistance after spontaneous
relaxation for 364.5, 486.0 nm samples are 5.08 and 4.35MΩ/,, respectively, which shows good agreements
with experimental results.

3.1.3. Time constant of SSR
Table 4 shows experimental and theoretical results of decay time for SSR. Theoretical results of decay time for
SSR can be calculated by equation (3) [32].

⎛
⎝⎜

⎞
⎠⎟( ) ( )=
n

R t R
t

t
3R

0
0

whereR0 is initial surface resistance at initial time t0, and v is exponent factor. Samples were taken from
deposition chamber after deposition, and theywere characterized by surface resistance immediately. The time
span between deposition ending andmeasurement is tenminutes, thus t0 is tenminutes. v is 0.1 according to
[32]. Combinedwith experimental data in table 3, theoretical calculations were conducted. As shown in table 4,
theoretical results (8.9 h of tR for 364.5 nm sample, and 6.5 h for 486.0 nm sample) show good agreements with
experimental ones (9.0 h of tR for 364.5 nm sample, and 7.0 h for 486.0 nm sample).

3.2. AISR
As shown infigure 3, AISR process (1)–(2) can be divided into (1)–(3)–(4)–(2) steps. Band gapEg is temperature
dependence, which is calculated byVarshni equation (4) [35].

( ) ( ) ( )a
b

= -
+

E T E
T

T
0 4g g

2

whereα=4.774×10−4 eV/K,β=235 K.
Surface resistance can be obtained by equation (5).

⎜ ⎟⎛
⎝

⎞
⎠ ( )=R R

E

kT
exp 5a*

whereR* is prefactor, Ea is activation energy for conduction, and k is Boltzmann constant. Here, Ea is a half of
band gap [36]. Taken 364.5 nm sample as an example, AISR can be described in detail as below: (1) Initial state;

Table 3.Experimental and theoretical simulated results of surface resistance
ρs.

d* (nm) As-deposited (i)
Aged (ii) (twomonths)

Experiment

(MΩ/,)
Experiment

(MΩ/,)
Theory

(MΩ/,)

364.5 3.05 4.54 5.08

486.0 2.82 4.07 4.35

Table 4.Experimental and theoretical results of decay
time for SSR

tR

d* (nm) Experiment* (hours) Theory (hours)

364.5 9.0 8.9

486.0 7.0 6.5

*The error of experimental results about decay time of

SSR is±0.5 h.
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(3)Annealing temperature increases to be 300 °C.Here, it is assuming that no phase change occurs in the process
of temperature increasing from22 to 300 °C. Eg3 andR3 can be obtained by equations (3) and (4), andR03

* have
the same valuewithR01

*; (4)Due to phase change,R04
* decreases from8.6E08 to be 2.5E08Ω/,, and Eg4

increases from0.788 to 0.907 eV. Surprisingly, surface resistance drops slightly. (2) Final state, temperature
decreases from300 to be 22 °C.R02

* have the same valuewithR04
*. Annealing alters band gap andR*,finally, it

results in an increase in band gap and surface resistance in State (2). However, surface resistance shows a slight
decrease at 300 °C after annealing. Unfortunately, we have no equipment to in situmeasure surface resistance at
300 °C, and cannot verify the correctness of this prediction.

It should be noted that CRN is dominant in our a-Gefilms [37], SSR andAISRmentioned above in
discussions about our samples all belong toCRNSr.

3.3.MRO-to-CRNSR
Wehave no a-Gefilmswith high volume ofMRO, so herewe cite the results of Gibson group andNakamura
group.Gibson group employed fluctuation electronmicroscopy to characterizeMRO in amorphous films, and
they found that there is a reduction ofMROafter thermal annealing. They pointed out that transformation from
MRO toCRNoccurs only at higher annealing temperature (larger than 500 °C for ion-implanted a-Si) [15, 16].
Nakamura group found that therewas a structural transition fromMRO toCRNdue to aging at ambient
temperature [20], electron irradiation [21], and thermal annealing [22], respectively.We believe that this is the
third SR, referred to asMRO-to-CRNSr.

4. Theory

In summary, figure 4 shows a generalmodel for SR in a-Gefilms. As shown infigure 4, whenMRO is dominant
in a-Gefilms, some volumes ofMROwill transform intoCRN, and such a structure change is calledMRO-to-
CRNSRby us; whenCRN is dominant, a-Gefilms undergo SSR andAISr In addition, a-Gefilms show an
increase in band gap after three kinds of Sr This phenomenon due to SR can be interpreted by figure 5.

Figure 5 demonstrates the band gap structure of a-Ge (30, 31, 38, 40), which is cited from figure 9 of [30] and
figure 8 of [31]. The shaded area represents the region of localized states, and optical band gap is equal toEg1 (Eg2)
[30, 31, 38, 39]. It was reported thatE0 of high-quality CRN is 1.3 eV (0 K) [40]. Thus, the band gap can broaden
to be larger than 1.3 eV. TheCRN is not a unique structure, andCRN structures have different band gaps due to
diverse strains and defects. The expansion of the band gap is relying on the quality of the CRN.Details about
band gap change in a-Ge can be found in [39].

WhenMRO is dominant, the band gap narrows down as the strain is exerted on high volume fraction of
topologically crystalline grains. There is a reduction in strainwhen there is a transition fromMRO toCRN.
Thus, band gap increases afterMRO-to-CRNSR. Furthermore, surface resistance increases resulting from an
increase in band gap [39].

WhenCRN is dominant, samples haveCRN’ structurewithmore defects and larger average bond-angle
distortion, they havemetastable state with high free energy. ThroughAISR, activation energy is exerted on a-Ge.
Some defects and distortion reduce, and some defect states in LVB, LCB, and E0 disappear. Correspondingly,

Figure 3. Scheme of AISR of 364.5 nm sample annealed at 300 °C.
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band gap broadens. In other words, annealing is necessary if wewant to obtain higher-quality CRN.Our phase
change analysis infigure 3 indicates that there is a slight reduction in surface resistance at 300 °C after annealing
(state 4 compares with state 3). Annealing results in band gap expansion andR0

* reduction, which alters
temperature dependence of surface resistance, andfinally leads to an increase in surface resistance (final state in
figure 3). It should be noted that amorphousGe2Sb2Te5 films also show similar SR, and a similarmechanism is
proposed to interpret SR [32].

Themechanism of AISRhas been extensively studied by Roorda’s group. They believe that AISR is a local
structural change proceeding via the recombination of the dangling bands and the annihilation of point defects
(vacancies and interstitials) [10]. Through this AISR, CRN’ transforms intoCRNwith less defects and a
reduction in average bond-angle distortion. It should be noted that annealing inAISRmeans that samples are
kept at temperature higher than at which samples are prepared. Taken the research of Roorda’ group as an
example, a-Si was produced by ion implantation at liquid nitrogen temperature (−196 °C) in their experiment
[8]. Thus, when a-Si was kept at−150 °C, itmeans that a-Si was annealing at−150 °C. Thus, AISR has awide
spectrumof activation energies because annealing can be performed at the temperature range from the
temperature that sample was prepared to temperature prior to crystallization.

As-deposited a-Ge has a very thermodynamically unstable structure, and through SSR, a-Ge relaxes to a
relatively stable state. SSR is structural inhomogeneity-driven relaxation process, it is a spontaneous atomic
rearrangement [4], and this process does not need externally exerted activation energy.

Figure 4. a generalmodel for SR in a-Ge.

Figure 5.Mott-Davismodel (see [30, 31, 38, 39]) of the density of states functions for a-Gefilms.
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Table 5 demonstrates the properties of SSR, AISR andMRO-to-CRNSrTPT is the temperature that sample
was prepared,TCT is crystallization temperature, andTS is a higher specific temperature. From this summary,
the difference among them is clear. However, there are still some unknown properties, such as time constant of
MRO-to-CRNSR,mechanism of the increase of band gap and surface resistance for SSR, the factors that
influenceTs ofMRO-to-CRNSr

5. Conclusions

SSR, AISR, andMRO-to-CRNSR all possibly occur in a-Gefilms, and different structure determines thatwhich
one is dominant.WhenCRN is dominant, SSR andAISR (if samples are annealed) occur; whenMRO is
dominant,MRO-to-CRNSRoccurs. In fact, SSR, AISR, andMRO-to-CRNSRoften occur simultaneously,
especially forMRO is dominant, but SSR andAISR contribute less to thewhole Sr After undergoing three kinds
of SR, samples all show band gapwidening. The reason for an increase in band gap and surface resistance after
SSR still needs further investigation. The prediction of an increase in band gap and surface resistance afterMRO-
to-CRNSR still needs experimental verification. Ourworkwill attractmuch theoretical calculation for different
SR and complicated SRmechanism, and some unknown properties of SRwill be further understood.
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