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ABSTRACT

High-speed thin film transistors based on plastic substrates are indispensable to realize next-generation flexible devices. Here, we synthesized
a polycrystalline Ge layer, which had the highest quality ever, on GeO2-coated substrates using advanced solid-phase crystallization at
375 °C. X-ray diffraction and Raman spectroscopy revealed that Ge on plastic had a compressive strain, while conventional Ge with a glass
substrate had a tensile strain. This behavior was explained quantitatively from the difference in the thermal expansion coefficients between
Ge and the substrate. Electron backscatter diffraction analyses showed that the Ge had large grains up to 10 μm, while many intragranular
grain boundaries were present. The potential barrier height of the grain boundary was lower for the plastic sample than that for the glass
sample, which was discussed in terms of the strain direction. These features resulted in a hole mobility (500 cm2/V s) exceeding that of a
single-crystal Si wafer. The findings and knowledge will contribute to the development of polycrystalline engineering and lead to advanced
flexible electronics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006469

I. INTRODUCTION

For the coming Internet-of-Things society, the development
of flexible electronics based on plastic substrates is increasingly
desired because they are lightweight, flexible, and economical.
Fabricating high-speed thin film transistors (TFTs) on plastic
substrates is the key to dramatically improve the functionality of
flexible devices. Ge has been proposed as a major candidate for
next-generation transistor channel materials due to its high carrier
mobility and good compatibility with Si.1–3 The field-effect mobil-
ity of Ge metal–oxide–semiconductor field-effect transistors
(MOSFETs) has surpassed that of Si MOSFETs due to the develop-
ments of device technologies, including gate stacks.4–6 However, for
bulk-Ge, there is a problem with the leak current caused by the
narrow bandgap (0.66 eV). Fabricating Ge on an insulator (GOI)
structure is the most promising approach to reduce leakage current.6

The GOI structure has been obtained using mechanical transfer,7–9

oxidation-induced condensation,5,10 rapid-melting growth,11–14 lamp
annealing,15,16 and epitaxial growth on Si-on-insulator.17 Although
the resulting Ge layers have a high crystallinity, these methods
require single-crystal substrates, complicated processes, or high

temperatures, so that applications to low-heat-resistant plastic sub-
strates are difficult. Essentially, the crystallization temperature of Ge
is relatively low for an inorganic semiconductor. Taking advantage
of this feature, many techniques to synthesize polycrystalline (poly-)
Ge at low temperatures on glass and plastic substrates have
been studied.18–28 Ge-TFTs have been established using poly-Ge
formed by solid-phase crystallization (SPC),29–31 laser annealing,32

seed layer technique,33 and metal-induced crystallization.34–37

However, poly-Ge generally has a high hole concentration due to
defect-induced acceptors and a low hole mobility due to grain boun-
dary (GB) scattering,18,38 limiting the TFT performance.

In the last few years, we have developed an advanced SPC tech-
nique using a densified amorphous (a-) Ge precursor and updated
the Hall hole mobility of poly-Ge to 340 cm2/V s39 and the electron
mobility to 370 cm2/V s.40,41 Accumulation-mode p-channel TFTs
based on the SPC-Ge exhibited the highest field-effect mobility
(170 cm2/V s) among low-temperature (<500 °C) poly-Ge-TFTs
without minimizing the channel region (<1 μm).42 We further
updated the Hall hole mobility to 620 cm2/V s by thickening Ge,
postannealing at 500 °C, and inserting a GeO2 underlayer.43,44
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This hole mobility is the highest ever recorded for a semiconductor
film directly grown on an insulator at temperatures below 900 °C.

In the present study, we deploy SPC-Ge on a flexible plastic
substrate and evaluated the crystallinity and electrical properties,
while comparing Ge on a glass substrate. The residual strain in the
SPC-Ge is compressive on plastic but tensile on glass, affecting the
grain boundary properties.

II. EXPERIMENT

We prepared a 50-nm-thick GeO2 layer on SiO2 glass and
plastic (125-μm-thick polyimide: Kapton) substrates using RF mag-
netron sputtering (base pressure 3.0 × 10−4 Pa) with an RF power of
50W. After that, a-Ge precursors were prepared using a Knudsen
cell of a molecular beam deposition system (base pressure:
5 × 10−7 Pa) while heating the samples at 150 °C to densify the
a-Ge.39 The thickness of the a-Ge layer, t, ranged from 100 to
500 nm. The Ge sources (Furuuchi Chemical Corporation) had a
purity of 99.999%. The samples were then loaded into a conventional
tube furnace in a N2 (99.9%) atmosphere and annealed at 375 °C for
150 h to induce SPC. We note that the lower annealing temperature
produces the larger crystal grains; however, this requires a longer
annealing time.39,41 To visualize the grain boundaries clearly, we
selected the slow annealing conditions that maximize the grain size.
The crystal quality of the grown Ge layers was evaluated using x-ray
diffraction (XRD; Rigaku SmartLab) with Cu Kα radiation, Raman
spectroscopy (JASCO NRS-5100, spot diameter 20 μm, wavelength
532 nm), scanning electron microscopy (SEM; JEOL JSM-7001F),
and electron backscatter diffraction (EBSD; TSL OIM analysis). The
electrical properties of the SPC-Ge layers were evaluated using Hall
effect measurements (Bio-Rad HL5500PC).

III. RESULTS AND DISCUSSION

Figure 1(a) shows the θ–2θ XRD patterns corresponding to
poly-Ge for the samples on glass and plastic substrates. For both
glass and plastic samples, the intensity ratio of each peak almost
agrees with the reference data from Ge powder diffraction patterns
(JCPDS 04-0545), indicating that the Ge layers are randomly ori-
ented. The inset shows that the Ge 111 peak of each SPC-Ge shifts
in the opposite direction from that of a bulk-Ge (111) wafer.
Figure 1(b) shows the position (2θ) of the Ge 111 peak derived for
t = 300–500 nm. We note that the samples with t≤ 200 nm are too
thin to obtain enough peak intensity to recognize. For all t (300–
500 nm), the Ge 111 peak in the glass samples shifts to higher
degrees, while that in the plastic samples shifts to lower degrees
compared with that of bulk-Ge. These results suggest that, in the
perpendicular direction, the Ge layer has compressive strain for
glass samples and tensile strain for plastic samples.

The Raman spectra in Fig. 2(a) show the broad peaks corre-
sponding to a-Ge before annealing and the sharp peaks corre-
sponding to crystalline Ge (c-Ge) after annealing. This behavior is
observed for all t (100–500 nm) for both glass and plastic samples.
The wavenumber of the c-Ge peak of each SPC-Ge shifts in the
opposite direction from that of bulk-Ge. Figure 2(b) shows that, for
all t, the c-Ge peak in glass samples shifts to a lower wavenumber,
while that in plastic samples shifts to a higher wavenumber from
that of bulk-Ge. These results are consistent with the XRD results

(Fig. 1) because in the in-plane direction, a low wavenumber shift
corresponds to tensile strain, while a high wavenumber shift cor-
responds to compressive strain.45 According to the Raman shifts
and the equation proposed by Chen et al.,45 the tensile strain in
the glass sample is ∼0.48% and the compressive strain in the
plastic sample is ∼0.70%. According to Hooke’s law and Young’s
modulus of Ge, the stress on the Ge layer is estimated to be
0.49 GPa on glass and 0.72 GPa on plastic, respectively. The cause
of the strains can be explained from the perspective of the
thermal expansion difference between the substrate and Ge.46,47

The thermal expansion coefficients of Ge, SiO2 glass, and the
current polyimide plastic are 5.8 × 10 −6 K−1, 0.5 × 10−6 K−1, and
27 × 10−6 K−1, respectively. Considering the relationship of these
thermal expansion coefficients, tensile strain is applied to Ge on
glass while compressive strain is applied to Ge on plastic during
the cooling process after Ge crystallization. The strain amount εth
in a thin film caused by the thermal expansion difference is
expressed by the following equation:48

εth ¼ (αf � αs)
ΔT
1� ν

, (1)

where αf and αs are the thermal expansion coefficients of the thin
film and the substrate, respectively, ΔT is the temperature causing
thermal expansion, and ν is Poisson’s ratio of the thin film.
According to Eq. (1), when the sample is cooled from the anneal-
ing temperature of 375 °C to room temperature (RT), the tensile
strain of Ge on glass is 0.25% and the compressive strain of Ge on
plastic is 1.02%. These are on the same order as the strain esti-
mated from the Raman shift. Figure 2(c) shows that the full width

FIG. 1. XRD study of the SPC-Ge layers on glass and plastic substrates. (a)
θ–2θ XRD patterns for t = 500 nm, where the data for a bulk-Ge (111) wafer is
shown for comparison. The inset is a magnified view focusing on the Ge 111
peaks. (b) Ge 111 peak position (2θ) as a function of t, where the value for a
bulk-Ge (111) wafer is shown by the dotted line.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 075301 (2020); doi: 10.1063/5.0006469 128, 075301-2

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


at half maximum (FWHM) of the c-Ge peak is almost constant
with respect to t, while the plastic samples exhibit lower FWHMs
than the glass samples for all t. This behavior indicates that the
plastic samples have higher crystallinity than the glass samples.

Figure 3(a) shows a representative photograph of the SPC-Ge
samples with glass and plastic substrates. The SEM image in
Fig. 3(b) shows a contrast corresponding to the crystal orientation
visualized by the electron channeling effect for high-quality crys-
tals, which is not remarkable for low-quality polycrystalline films.39

The inverse pole figures (IPFs) in Fig. 3(c) show that the crystal
orientation is almost random for all samples, which is consistent
with the XRD results [Fig. 1(a)]. To investigate the distribution of
GBs in detail, the IPF images are converted to grain maps, as
shown in Fig. 4(a). A grain is defined as an area surrounded by
GBs. Figure 4(a) shows that the SPC-Ge consists of grains on the
μm-order for all samples. Figure 4(b) shows that the average grain
size, referred to as the area-weighted average, is almost the same for
glass and plastic samples. The grain size exceeds 8 μm for all
samples except t = 500 nm. The grain size reduction in large t is
likely because the nucleation in the bulk increases with increasing
t.28,43 The density of GBs surrounding (i.e., identifying) grains
shows a relatively high value at t = 500 nm, which is consistent with
the behavior of the grain size.

We analyzed intragranular GBs and classified them into low-
angle (<15°) GB (LAGB), high-angle (≥15°) GB (HAGB), and twin
boundaries. Figure 4(a) shows that intragranular GBs are present in
most grains and extend radially. In addition, most HAGBs are

connected to twin boundaries. Figures 4(c) shows that the density
of twin boundaries becomes noticeable at large t, while Figs. 4(d)
and 4(e) show that the density of LAGBs and HAGBs become
noticeable at small t. Figure 4(a) shows that the crystal rotation in
grains develops LAGB and turns a twin boundary into HAGB
during the lateral growth. According to Fig. 3(c), the crystal rota-
tion becomes more pronounced in smaller t, which accounts for
the results in Fig. 4. The mechanism leading to the crystal rotation
remains unclear, but it may possibly be due to the film strain: the
smaller t provides the larger strains [Fig. 2(b)]. For most t, plastic
samples have a lower density of intragranular GBs than glass
samples, which accounts for the results of the Raman FWHM
[Fig. 2(c)]. The crystallinity difference may be related to the differ-
ence in the thermal expansion strain during the SPC. For TFT fab-
rication, grain boundary control is desired for excellent operation.
Because the Ge grain size is much larger than the channel region
(< μm), it will be possible to make the channel region into a single
crystal if the starting point of nucleation can be controlled.
Applying a metal catalyst or stress in a local area is a possible
approach to control the nucleation and then grain boundaries.49,50

We evaluated the electrical properties of the samples. All
samples show p-type conduction, similar to conventional undoped
SPC-Ge.18 This is because the defects in Ge provide shallow accep-
tor levels, which generate holes at RT.38 As shown in Fig. 5(a), the
hole concentration p is almost constant with respect to t, while the
hole mobility μ increases with increasing t. Both p and μ have no
significant differences between glass and plastic samples. The

FIG. 2. Raman spectroscopy study of the SPC-Ge layers on glass and plastic
substrates. (a) Raman spectra of the samples before and after annealing for
t = 500 nm, where the spectra for a bulk-Ge wafer are shown for comparison. (b)
Raman shifts and (c) FWHMs of the c-Ge peaks as a function of t, where the
values for a bulk-Ge wafer are shown by the dotted lines.

FIG. 3. (a) Photograph of the SPC-Ge samples. (b) Secondary electron image
obtained from SEM (acceleration voltage: 25 kV) for the plastic sample for
t = 100 nm. (c) IPF images of the samples summarized as the matrix composed
of the substrate material and t. Colors indicate the crystal orientation, according
to the inserted color key.
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highest μ reached 500 cm2/V s for the plastic sample with
t = 400 nm. We estimated GB barrier height EB by the conduction
model in polycrystalline semiconductors proposed by Seto.51

According to this model, μ limited by GB scattering can be deter-
mined using the following equation:

μ ¼ Lqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πm*kT

p exp � EB
kT

� �
, (2)

where T is the absolute temperature, L is the grain size, m* is the
effective mass, and k is the Boltzmann constant. As shown in the
inset in Fig. 5(b), for t = 100 nm, the Arrhenius plots of μT1/2

exhibit a downward-sloping straight line, indicating that the carrier
conduction in the poly-Ge layer is dominantly limited by GB scat-
tering.51 Conversely, for t = 400 nm, μT1/2 increases with increasing
1000/T and then begins to decrease. This behavior suggests that μ
is limited by impurity scattering near RT but is limited by GB

scattering at low temperature. In addition, the shapes of the
Arrhenius plots significantly differ between glass and plastic
samples, indicating a large difference of EB. Figure 5(b) shows that
EB decreases with increasing t. Particularly, for t = 100 nm, EB
shows high values over 20 meV for the glass sample and 13 meV
for the plastic sample. These EB values are much larger than that of
SPC-Ge on SiO2

39 and a-Si,28 suggesting that the GB property near
the Ge/GeO2 interface is inferior to those of Ge/SiO2 and Ge/a-Si.
Therefore, for thin Ge layers (t≤ 100 nm), the a-Si underlayer
might be more suitable than GeO2 for higher μ.

28 We note that the
plastic sample exhibits a lower EB than that of the glass sample for
all t. The minimum EB reaches 1.3 meV for the plastic sample with
t = 400 nm. The EB difference is explained from the perspective of
strain (Figs. 1 and 2). For the glass sample, Ge has in-plane tensile
strain, which likely increases dangling bonds (i.e., trap density) in
the GBs, increasing EB. In contrast, for the plastic sample, Ge has
in-plane compressive strain, which promotes Ge bonding in the
GBs, decreasing EB. Therefore, these results suggest that the strain
direction in a poly-Ge layer affects its EB, which will be useful for
engineering polycrystalline materials.

To investigate the mechanical strength of the Ge layers on the
plastic substrate, we performed a simple tape test and bending test.
As shown in Fig. 6(a), when the Kapton tape attached to the entire
sample surface was peeled off, the Ge layer remained attached to the
plastic substrate. This result indicates that the Ge layer is firmly
adhered to the substrate. The samples for t = 100 nm and 400 nm
were bent as representatively shown in Fig. 6(b) and then evaluated
by Hall effect measurements. Figure 6(c) shows that the μ values are
maintained up to a bend angle of 50°, while decreases significantly
when the bend angle exceeds ∼50°. The decrease in μ is due to the
occurrence of cracks in the film. Because the cracks may be sup-
pressed when the Ge layer is isolated for TFTs, the bending cycle
effects on the TFT performance should be investigated in the future.

FIG. 4. EBSD analyses of the SPC-Ge layers on glass and plastic substrates.
(a) Grain map of the samples summarized as the matrix composed of substrate
material and t. Each colored area corresponds to one grain. Thick black lines
show GBs surrounding the grains, thin black lines show HAGBs, gray lines
show LAGBs, and white lines show twin boundaries. (b) Average grain size and
the density of GBs surrounding the grains as a function of t. Intragranular
density of (c) twin boundary, (d) LAGB, and (e) HAGB as a function of t.

FIG. 5. Electrical properties of the SPC-Ge layers on glass and plastic sub-
strates. (a) Hole concentration p and hole mobility μ as a function of t. (b) GB
barrier height EB as a function of t. Inset shows representative Arrhenius plots
of μT1/2 for t = 100 nm and 400 nm, where the dotted lines are the fitting results
to derive EB.
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Figure 7 shows that the current SPC-Ge layer has the highest
μ among Ge layers formed below the heat-resistant temperature of
plastics. This is due to the densification of the a-Ge precursor and
the preparation of the GeO2 underlayer. The μ value is even higher
than that for single-crystal Ge layers epitaxially grown from
Si-on-insulator substrates10,17 and single-crystal Si wafers. These

results mean that single-crystal wafers are no longer necessary for
fabricating semiconductor films with a high carrier mobility.

IV. CONCLUSION

We fabricated SPC-Ge thin films on a GeO2-coated plastic
substrate and evaluated their characteristics by comparing with the
conventional glass substrate sample. The optical evaluation using
XRD and Raman spectroscopies reveal that the plastic sample has a
compressive strain while the glass sample has a tensile strain due to
the difference in the thermal expansion coefficients between Ge
and the substrate. EBSD analyses show that the Ge on plastic has
large grains up to 10 μm, while many intragranular GBs are
present. EB is lower for the plastic sample than for the glass sample,
which is discussed in terms of the strain direction. μ at RT is highly
dependent on t; a lower t exhibits a lower μ likely due to high EB
near the Ge/GeO2 interface. The Ge layer on plastic with
t = 400 nm exhibits a minimum EB (1.3 meV) and a maximum μ
(500 cm2/V s). μ is the highest for a semiconductor thin film syn-
thesized on a plastic substrate, surpassing that of a single-crystal Si
wafer. Therefore, we found the strain effects on poly-Ge and dem-
onstrate a high carrier mobility on a plastic substrate. These
achievements will lead to high-performance, lightweight, economi-
cal, and flexible electronics with multifunctionality.
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