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ABSTRACT 

The carrier mobility of polycrystalline Ge thin-film transistors has significantly improved in 

recent years, raising hopes for the realization of next-generation electronic devices. Here, we 

adapted advanced solid-phase crystallization, which achieved the highest hole mobility of the 

polycrystalline semiconductor layer, to Ge layers doped with n-type impurities (P, As, and Sb). 

The type and amount of dopants had marked effects on the growth morphology and electrical 

properties of the Ge layers because they altered the activation energies in crystal growth, 

dopant activation rates, and grain boundary properties. In particular, P doping was effective in 

increasing the grain size (25 μm) and lowering the grain boundary barrier height (20 meV), 

which improved the electron density (8.0 × 1018 cm−3) and electron mobility (380 cm2 V−1 s−1) 

in n-type polycrystalline Ge layers. The electron mobility is greater than that of most 

semiconductor layers synthesized at low temperatures (≤ 500 °C) on insulators, and this will 

pave the way for advanced electronic devices, such as multifunctional displays and three-

dimensional large-scale integrated circuits. 
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INTRODUCTION 

As the scaling limits of Si complementary metal-oxide-semiconductors (CMOS) have become 

more severe, the implementation of channel materials with high carrier mobility is long-awaited. 

Because of its high carrier mobility for both electrons and holes and compatibility with 

conventional Si processing, Ge is the leading candidate.1,2 In recent Ge MOS field-effect 

transistors, gate stack technology has enabled high field-effect mobility,3‒5 while Ge-on-

insulator (GOI) technology suppressed leakage current originating from the narrow band gap.6‒

8 Therefore, in terms of device performance, Ge-CMOS has the potential to sufficiently 

outperform conventional Si-CMOS. However, single-crystal GOI technologies, such as 

mechanical transfer,9,10 oxidation-induced condensation,6 and rapid-melting growth11‒14 require 

a single-crystal wafers or high temperature processes (>900 °C). To integrate Ge-CMOS into 

electronic devices, including three-dimensional large-scale integrated circuits or flat panel 

displays, it is necessary to form a high-quality Ge layer at low temperatures that does not 

damage the substrate or surrounding devices. Fortunately, the crystallization temperature of Ge 

is lower than that of Si, and many low-temperature synthesis methods have been proposed, 

including solid-phase crystallization (SPC),15‒17 laser annealing,18‒23 chemical vapor 

deposition,24,25 lamp annealing,26,27 plasma irradiation,28 seed layer technique,29 and metal-

induced crystallization.30‒34 Although these methods produce polycrystalline Ge layers 

containing grain boundaries, large grain size and grain boundary control enable quasi-single-

crystal channels in transistors.20,21,28,32 Most of these polycrystalline Ge films are p-type, 

whereas reports on n-type Ge have been limited. This is because Ge tends to be p-type owing 

to the high density (1017‒1018 cm−3) of acceptor defects35,36 and low n-type dopant activation 

rates.37,38 Therefore, the synthesis of high-quality polycrystalline Ge layers is essential for 

obtaining n-type Ge layers in low-temperature processes.  

In recent years, the hole mobility of p-type polycrystalline Ge layers has been remarkably 
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improved by controlling the amorphous precursor states in SPC.39‒42 We demonstrated a p-

channel thin-film transistor (TFT), which was the highest performing low-temperature TFT 

using a polycrystalline Ge layer.43,44 The high crystallinity also contributed to the reduction of 

acceptor defects42,45 and increased the dopant activation rate, which achieved n-type conduction 

control using Sb and As as dopants.46,47 In this study, we examined the SPC of P-doped 

amorphous Ge layers for the first time and compared the effects of dopant species on the growth 

behavior and electrical properties of Ge layers. Appropriate amounts of P-doping improved the 

grain size and electron mobility μn of the Ge layer, demonstrating the best characteristics of the 

low-temperature n-type Ge layer. 

 

RESULTS AND DISCUSSION 

In the SPC of Ge layers, the precursor deposition temperature, Td, is a highly influential 

parameter.40 Therefore, we first investigated the effects of Td on the SPC of the P-, As-, and Sb-

doped samples. Here, the dopant concentration Cd for each impurity was fixed at approximately 

3.0 × 1020 cm−3. Figure 1a shows the inverse pole figure (IPF) maps of the samples crystallized 

at a growth temperature, Tg, of 450 °C for 5 h. The grain size significantly depended on both 

the dopant type and Td, whereas the crystal orientation was almost random for all samples. 

Figure 1b shows the average grain size of Ge determined by the electron backscattering 

diffraction (EBSD) analysis. Most impurity-doped samples showed larger grain sizes than the 

undoped Ge. For the Sb-doped samples, the grain size peaked at 125 °C, as for undoped Ge, 

which was affected by the density of the precursor Ge layer.40 In contrast, the grain sizes of the 

P- and As-doped samples increased with decreasing Td. This behavior is the same as that of the 

Sn-doped Ge layers, which is explained by the impurity doping enhancing the density and 

lateral growth of amorphous Ge.39,41 The electrical properties of the samples were evaluated by 

Hall measurements using the Van der Pauw method. Figure 1c shows the electron density n for 
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each sample. We note that only Sb-doped Ge at Td = 50 °C showed p-type conduction, while 

the other samples showed n-type conduction. Considering that polycrystalline Ge layers with 

small grain sizes have high hole densities, this behavior can be attributed to the electrons 

produced by Sb doping being compensated by holes originating from the grain boundaries. For 

the P- and As-doped samples, which exhibited μm-order grain sizes over the entire Td range, n 

was nearly constant, regardless of Td. Figure 1d shows the activation rate of the dopants 

calculated from n in Figure 1c. The activation rate depended on the dopant species and was the 

highest for P and lowest for Sb. This behavior is consistent with that of n-type dopants in bulk 

single-crystal Ge (sc-Ge) and therefore attributed to the basic physical properties reflecting the 

solid solubility and diffusion rate of the dopants in Ge.37,38 Figure 1e shows the μn for each 

sample. For all samples with n-type conduction, μn decreased with decreasing Td. This behavior 

is consistent with the grain size trend shown in Figure 1b, where we consider that the carriers 

are affected by grain boundary scattering. However, the difference in μn values for different 

dopant species cannot be explained only by differences in grain size. In general, the higher the 

carrier density of a polycrystalline semiconductor film, the higher the carrier mobility, owing 

to the reduction of grain boundary barriers.48‒50 Considering the trend of μn in Figure 1c, it is 

reasonable that the Sb-doped sample showed a lower μn, and the P-doped sample had a higher 

μn, depending on the grain size. We continued the experiments with the Td values (50 °C for As 

and 125 °C for P and Sb) which showed the largest μn for each dopant species. 

Raman measurements were performed to further evaluate the dopant-dependent 

differences in the crystallinity of the Ge layers. Figure 2a shows the Raman spectra obtained 

from the P-, As-, and Sb-doped samples with Cd of approximately 3.0 × 1020 cm−3. All samples 

showed Raman spectra containing sharp peaks attributed to crystalline Ge, but not broad peaks 

attributed to amorphous Ge. The crystalline Ge peaks were almost symmetrical, suggesting that 

the Ge layers were completely crystallized. The Raman shifts and full width at half maximum 
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(FWHM) of the crystalline Ge peaks were determined from the Raman spectra and are 

summarized in Figure 2b. All the peaks shifted to lower wavenumbers than those of the bulk 

single-crystal Ge substrate. There are two possible causes of the peak redshift in the 

polycrystalline layers: in-plane tensile strain51‒53 and phonon confinement in the 

nanocrystal.54,55 Considering that the grain size of the current Ge layers is on the order of μm 

(Figure 1), the peak redshift is due to the tensile strain in the Ge layer. The strain value was 

determined to be 0.65% from the equation proposed by Manganelli et al.,53 while that caused 

by the thermal expansion difference between the Ge and the SiO2 substrate at the growth 

temperature of 450 °C was 0.34%. Therefore, the tensile strain likely reflected the transitions 

from amorphous to crystalline phase of Ge, in addition to the thermal expansion difference 

against the substrate. This behavior is consistent with our previous study on the strains in 

undoped Ge layers.56 The FWHM, which indicates higher crystallinity with smaller size, was 

smaller for P, As, and Sb in that order. Considering the dopant activation rate shown in Figure 

1d, it is possible that inactive interstitial impurities reduced the crystallinity of Ge. 

We investigated the effect of Cd on the growth behavior of SPC for each dopant. Figure 3a 

shows that the grain size of the Ge layer after crystallization is highly dependent on both the 

dopant species and Cd. For all dopant species, the grain size peaked at approximately Cd = 3.0 

× 1020 cm−3. The Cd value was also roughly consistent with the Sn concentration, which 

maximized the Ge grain size.41 Although it is still uncertain what determines the optimum Cd 

value, the phenomenon that the addition of elements to SPC precursors increases the grain size 

seems to be highly universal.57 Figure 3b shows that as the grain size increases, the Ge layers 

are slightly oriented in the 100 and 111 planes, which have relatively low interfacial 

energies.58,59 This result suggests that bulk nucleation, which provides random orientation, is 

suppressed, while interface nucleation becomes dominant, resulting in an enlarged Ge grain 

size. The Ge grain size was the largest in the P-doped sample, reaching 25 μm, which is the 
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largest among the Ge layers formed by SPC. 

In SPC, the grain size is determined by the balance between the nucleation rate and lateral 

growth velocity. To explain the dependence of the Ge grain size on the dopant species and Cd, 

we used a neural network trained with the algorithm we had previously developed.60 Figure 4a 

shows representative optical micrographs of the SPC process of the amorphous Ge layer. With 

an increase in the annealing time, the Ge crystals nucleated, grew laterally, and covered the 

entire substrate. Figures 4b and c show the annealing time dependence of nuclear density and 

domain size analyzed by the neural network, where the annealing temperatures were 350 °C, 

375 °C, and 400 °C. As the annealing time increased, the domain size and nuclear density 

increased and then saturated. This behavior was strongly dependent on the annealing 

temperature: lower annealing temperatures resulted in lower nuclear densities and, therefore, 

larger domain sizes. These are the general SPC behaviors.15,40 Figures 4d shows the Arrhenius 

plots of the nucleation rate and lateral growth velocity for the P-, As-, and Sb-doped samples. 

For each sample, the nucleation rate and lateral growth velocity were approximated by straight 

lines, indicating that the SPC followed an activation reaction.61,62 The activation energies 

required for nucleation, Enucleation, and lateral growth, Egrowth, were calculated from the slopes of 

these lines. The results in Figures 4e and f show that Enucleation and Egrowth were significantly 

dependent on both dopant species and Cd. The Enucleation of the As-doped sample showed a peak 

for Cd. This behavior is likely explained by the fact that metal atoms in Ge inhibit Ge lattice 

formation, whereas excess metal weakens the bonds in amorphous Ge.31,63 Because the extent 

of such effects depends on the element type, it is possible that the peaks observed in the As-

doped sample are shifted to high Cd in the P-doped sample and low Cd in the Sb-doped sample. 

Egrowth was minimum around Cd = 1.0 × 1020 cm−3 for all dopant species. The phenomenon that 

an appropriate amount of impurity increases the growth rate is also known in the SPC of Si, 

which was interpreted to be due to dopant atoms.57 The energy values in Figures 4e and f are 
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consistent with the grain sizes in Figure 3, considering that, in principle, the larger the Enucleation 

and the smaller the Egrowth, the larger the grain size.59‒62 

For the samples doped with P, As, and Sb, the Cd dependence of the electrical properties 

was evaluated. Figure 5a shows that μn depended on Cd for all dopant species and peaked around 

Cd = 2.0 × 1020 cm−3. This behavior is consistent with the grain size behavior shown in Figure 

3, indicating that μn is predominantly limited by the grain boundary scattering of electrons.48‒50 

Figure 5b shows the Cd dependence of n. We note that Cd of Sb lower than 9.0 × 1020 cm−3 

provided p-type Ge layers. For the P and As samples, n increased with increasing Cd 

concentration and then began to decrease. Figure 5c shows that the activation rate decreased 

with increasing Cd concentrations. This behavior may be due to the segregation of dopants with 

increasing Cd, especially at the grain boundaries.64 n, and the activation rates were the largest 

for P and the smallest for Sb. This behavior is consistent with the basic properties reflecting the 

solid solubility and diffusion rate of the dopants in Ge.37,38 After the SPC at 450 °C, we 

performed post annealing (PA) at 500 °C for all samples, which was effective in reducing 

acceptor defects in the p-type Ge layer and increasing hole mobility.42 Figure 5d shows that μn 

improved in most samples. In contrast, Figures 5e and f show that n and the apparent activation 

rate after PA decreased for P, increased for As, and remained unchanged for Sb. Considering 

that high-temperature PA will increase the activation rate, reduce the acceptor defects, and 

evaporate some dopants, these balances probably resulted in the behavior shown in Figures 5e 

and f. 

We investigated the effect of the dopant type and Cd on the grain boundary properties of 

n-type Ge layers by analyzing the temperature dependence of the electrical properties using the 

Evans and Nelson model.49,50 The trap-state density Qt and energy barrier height EB of the grain 

boundary can be quantified using the following equations: 

𝑄𝑄𝑡𝑡 = 8𝜀𝜀𝐸𝐸B
𝐿𝐿𝐿𝐿2

 ,     (1) 
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 𝜇𝜇𝑛𝑛 = 𝐿𝐿𝐿𝐿
𝑘𝑘𝐵𝐵𝑇𝑇

𝑣𝑣𝑟𝑟
1+𝑣𝑣𝑟𝑟𝑣𝑣𝑑𝑑

exp (− 𝐸𝐸𝐵𝐵
𝑘𝑘𝐵𝐵𝑇𝑇

) ,   (2) 

where ε is the dielectric permittivity, L is the grain size, q is the elementary charge, vr is the 

recombination velocity, vd is the drift diffusion velocity, and kB is Boltzmann’s constant. 

Although vr and vd are temperature-dependent parameters, they are negligible when the carrier 

concentration is sufficiently high (> 1014 cm-3).50 As shown in Figure 6a, the Arrhenius plots of 

μnT are downward-sloping straight lines for all the samples. These results indicate that μn is 

limited by the grain boundary scattering of electrons. Figure 6b shows that the behavior of Qt 

with respect to Cd was similar to that of the grain size in Figure 3. This behavior may be due to 

the facts that an appropriate amount of dopant atoms compensates for dangling bonds at grain 

boundaries, while excessive amounts of dopant atoms precipitate at grain boundaries and 

increase defects.41 The latter effect is more likely to occur in Ge with a smaller grain size and 

in dopants with lower solubility limits.64 Figure 6c shows that EB tended to reflect Qt and n. 

The Qt and EB values of the As- and P-doped samples were slightly reduced by PA. This 

behavior is interpreted as passivation of grain boundary traps, as in the p-type Ge layer.36 In 

contrast, PA increased the Qt and EB values of the Sb-doped sample, possibly because of the 

segregation of Sb, which has a high diffusion coefficient at the grain boundaries.37,38 The EB 

values together with the grain size in Figure 3 account for the trend of μn in Figures 5a and b. 

The μn and n values are summarized in Figure 6d. A higher value of n provided a higher value 

of μn. This behavior is the same as that of general polycrystalline semiconductor thin films,48 

whereas it is the opposite of that of polycrystalline p-Ge layers.40,42 In polycrystalline 

semiconductor thin films, where carrier mobility is limited by grain boundary scattering, an 

increase in carrier density causes a decrease in EB, and therefore, an increase in carrier mobility. 

Conversely, in p-Ge layers, owing to their small EB, hole mobility shows the opposite trend 

because the effect of impurity scattering is more dominant than grain boundary scattering. The 

current behavior of μn with respect to n reflects not only the decrease in EB with increasing n 
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but also that it is easier to obtain a higher n with larger grain sizes. In the Ge layers doped with 

P, which have relatively high activation rates, μn was significantly higher than that of single-

crystal Si and comparable to that of single-crystal Ge at the same n. 

 

CONCLUSIONS 

We investigated the doping effect of n-type impurities (P, As, and Sb) in amorphous Ge on the 

subsequent low-temperature SPC for the fabrication of n-type polycrystalline Ge layers. The 

type and amount of dopant had remarkable effects on the growth behavior and electrical 

properties of the Ge layer. Neural network analysis of the growth behavior showed that P 

addition on the order of 1020 cm−3 resulted in high Enucleation and low Egrowth, resulting in large 

grains (25 μm). The relatively high activation rate of P allowed for a high n and low EB 

approaching 1019 cm−3 and 20 meV, respectively, which resulted in high electron mobility (380 

cm2 V−1 s−1). This electron mobility is higher than that of most semiconductor layers on 

insulators and single-crystal Si for n > 1018 cm−3. This achievement will enable the realization 

of Ge-based high-speed thin-film transistors and CMOS devices used in advanced 

multifunctional displays and three-dimensional large-scale integrated circuits. 

 

METHODS  

Sample preparation. In the experiments, P-, As-, and Sb-doped Ge precursors were deposited 

on SiO2 glass substrates using the Knudsen cell of a molecular beam deposition system (base 

pressure:5×10-7 Pa). The Ge thickness was 200 nm and Ge deposition rate was fixed at 3.4 nm 

min−1. The temperature of the substrate during deposition, Td, ranged from 50 to 175 °C. Td 

spontaneously increased from room temperature to 50 °C, even though the substrate was not 

heated; this was due to the heat radiation from the Knudsen cell. The samples were then loaded 

into a conventional tube furnace under an N2 (99.9%) atmosphere and annealed at a growth 
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temperature, Tg, of 350–450 °C to induce crystallization. PA was performed at 500 °C for 5h, 

under Ar atmosphere. 

 

Material characterization. Raman spectroscopy was performed using a JASCO NRS-5100 

(laser wavelength:532 nm, spot size:5 µm), where the laser power (0.5 mW) was sufficiently 

weak to not affect the crystal phase and peak shift. In situ optical microscopy during annealing 

was performed using a Linkam 10042 D microscope with a Keyence VH-5500. SEM and EBSD 

analyses were performed using JEOL JSM-7001F (voltage:15 kV) with a TSL OIM analysis 

attachment. The SIMS measurements were performed using a PHI ADEPT1010 instrument. 

Hall effect measurement was performed by the Van der Pauw method using a Bio-Rad 

HL5500PC system, where μn and n were averaged over five measurements for each sample.  
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Figure 1. Grain size and electrical properties of the P-, As-, and Sb-doped Ge layers with Cd = 

3.0 × 1020 cm−3 and Tg = 450 °C for 5 h. (a) IPF images summarized as the matrix composed 

of Td (50 °C, 125 °C, and 175 °C) and dopant type (P, As, and Sb). The colors indicate the 

crystal orientation according to the inserted color key. Td dependence of (b) the average grain 

size calculated from the EBSD analyses, (c) electron density n, (d) activation rate, and (e) 

electron mobility μn as a function of Td. In (b), the data for undoped Ge are shown for 

comparison. 
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Figure 2. Raman spectroscopy study of the P-, As-, and Sb-doped samples with Cd = 3.0 × 

1020 cm−3, Td = 50 °C (As) and 125 °C (P and Sb), and Tg = 450 °C for 5 h. (a) Raman spectra, 

where the dotted lines show the position of amorphous Ge (a-Ge) and crystalline Ge (c-Ge) 

peaks. (b) Raman shifts and FWHMs of the c-Ge peaks. The data for a bulk single-crystal Ge 

(sc-Ge) wafer are shown by the dotted lines. 
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Figure 3. Cd dependence of the grain size in the P-, As-, and Sb-doped Ge layers with Td = 

50 °C (As) and 125 °C (P and Sb) and Tg = 450 °C for 5 h. (a) IPF images showing the sample 

with maximum grain size for each dopant. (b) Average grain size determined by the EBSD 

analyses as a function of Cd.  

Gr
ai

n 
siz

e
[μ

m
]

Dopant concentration Cd [cm−3]
1020 1021

0

10

20

30

1019

As

Sb

P

b

As P Sba

10 μm 10 μm 10 μm



 

 19 

 

 

 

 

 

 

 

 

Figure 4. Characteristics of the growth properties in P-, As-, and Sb-doped Ge layers with Td 

= 50 °C (As) and 125 °C (P and Sb). (a) In situ optical microscopy images of the P-doped 

sample with Cd = 2.0 × 1020 cm−3 for Tg = 375 °C. The light-colored area indicates amorphous 

Ge and the dark-colored area indicates crystalline Ge. Annealing time dependence of (b) the 

nuclear density and (c) the domain size analyzed by the neural network we developed.60 (d) 

Arrhenius plots of the nucleation rate and lateral growth velocity. Cd dependence of the 

activation energies required for (e) nucleation Enucleation and (f) lateral growth Egrowth. The dotted 

lines indicate the data of conventional undoped Ge.61,62   
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Figure 5. Cd dependence of the electrical properties of the P-, As-, and Sb-doped Ge layers 

with Td = 50 °C (As) and 125 °C (P and Sb) and Tg = 450 °C for 5 h, obtained from Hall effect 

measurements with the Van der Pauw method. (a) Electron mobility μn, (b) electron 

concentration n, and (c) activation rate for the samples before PA. (d) μn, (e) n, and (f) activation 

rate for the samples after PA.  
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Figure 6. Electrical properties of the P-, As-, and Sb-doped Ge layers with Td = 50 °C (As) and 

125 °C (P and Sb) and Tg = 450 °C for 5 h. (a) Arrhenius plots of μnT of the samples with Cd = 

2.0 × 1020 cm−3 for P, 1.2 × 1020 cm−3 for As, and 1.6 × 1020 cm−3 for Sb. (b) trap-state density 

Qt and (c) energy barrier height EB of the Ge grain boundary before and after PA (500 °C) as a 

function of Cd. (d) Comparison of the electron mobility μn and electron concentration n of the 

P-, As-, and Sb-doped samples obtained in this study. The dotted lines show the data for bulk 

single-crystal (sc-) Si and Ge wafers, which were derived from the electrical conductivity and 

carrier concentration in Ref. 1.  
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