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Highlights 

 Low-temperature MOCVD demonstrated the epitaxy of heavily doped n+-Ge layers.

 Strain-relaxed P-doped Ge layer is epitaxially grown at as low as 320 C.

 In situ doping realized the heavily P-doped Ge layer as high as 11020 cm3.
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Abstract  16 

We report the epitaxy of n-Ge layer with in situ phosphorus (P)-doping using metal-organic chemical 17 

vapor deposition (MOCVD) method with tertiary-butyl-germane and tri-ethyl-phosphine precursors. 18 

The crystalline and electrical properties of n-Ge epitaxial layers have been investigated using X-ray 19 

diffraction, atomic force microscopy, and Hall effect measurements in detail. In situ P-doping with 20 

MOCVD demonstrates the incorporation of P in Ge as high as 11020 cm3. The electron 21 

concentration in P-doped Ge epitaxial layers are achieved as high as 1.71019, 1.81019, and 2.21018 22 

cm−3 at growth temperatures of 400, 350, 320 C, respectively. 23 

  24 
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1. Introduction 25 

Germanium (Ge) has attracted much attention as a channel material for low-power-consumption 26 

complementary metal-oxide-semiconductor (CMOS) transistors because of its higher carrier mobility 27 

than those of silicon (Si) and good compatibility with the conventional Si CMOS process. In contrast 28 

to Ge pMOS field-effect transistor (MOSFET), however, it is well known that the high diffusivity 29 

and the low thermal equilibrium solid solubility of n-type dopants (P, As, Sb) make it difficult to 30 

form high-performance n+-Ge source/drain (S/D) junction in Ge nMOSFET [1]. 31 

 32 

There are some requirements for high-performance n+-type Ge S/D structure as follows: heavily 33 

n-type doping with an electron concentration as high as 1020 cm3, formation of damage- and 34 

defect-free S/D regions including interface, and low thermal budgets to suppress the dopant diffusion 35 

out of layers. Several groups reported various doping methods for n+-Ge to overcome the above 36 

issues [2-8]. Ion implantation method is most commonly adopted in the conventional CMOS 37 

technology, and the implantation technology requires post-implantation annealing up to 600 C for 38 

both recrystallization and activation of the implanted-impurity in Ge. An electron concentration in 39 

Ge was achieved as high as 561019 cm3 with ion implantation method [2-4]. However, there is a 40 

concern that implantation-induced damages in the S/D regions could often degrade the electrical 41 

property of pn junction [5]. 42 

 43 

In this study, we focus on in situ doping by chemical vapor deposition (CVD) which is also a 44 

common method compatible with the conventional Si CMOS process. As reported in previous 45 

literatures [7, 8], a Ge layer with an electron concentration as high as 671019 cm3 was grown on 46 

Ge using CVD method at a low growth temperature below 400 C, with co-flow of GeH4 or Ge2H6 47 

and PH3 precursor gases. 48 

 49 

We examine in situ phosphorus (P)-doping into Ge layers to exceed the thermal equilibrium 50 

solid solubility and to grow damage-free epitaxial layers using CVD method. P is one of preferable 51 

group-V dopant elements for Ge because of its highest solid solubility in Ge among other n-type 52 

dopants [1]. Additionally, as reported in the literature [8], lowering the growth temperature possibly 53 

leads to an increase of electrically active P concentration owing to the growth condition far from a 54 

thermal-equilibrium one. 55 

 56 

Recently, it is reported that the metal-organic CVD (MOCVD) growth of undoped Ge or 57 
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Ge1−xSnx epitaxial layers at low growth temperatures of 280–350 C [9, 10] and 320360 C [11, 12], 58 

respectively. Selective epitaxial growth of Ge or Ge1−xSnx on SiO2/Si substrates at a growth 59 

temperature of 300–400 C was also reported [13]. Thus, MO precursors have a promising potential 60 

to realize the formation of heavily doped Ge(Sn) layer selectively on S/D regions at a low 61 

temperature growth. In addition, MO precursors generally have advantages of riskless explosive, 62 

pyrophoric, and toxic compared to conventional hydride and chloride precursors for Ge epitaxy. It is 63 

expected that formation of heavily in situ P-doping into Ge can be realized by low-temperature 64 

MOCVD as well as the conventional in situ doped Ge CVD. However, there are few reports which 65 

clarify the MOCVD growth of Ge epitaxial layer with in situ doping. It is essentially important to 66 

comprehensively study the crystal growth of Ge layer and the crystalline properties of Ge epitaxial 67 

layers prepared by MOCVD method in order to develop heavily doped n-Ge S/D junctions for Ge 68 

CMOS applications. 69 

 70 

In this study, we examined in situ P-doping into Ge layers epitaxially grown on Si substrate for 71 

realizing a P concentration as high as 1020 cm−3 using low-temperature MOCVD method. We also 72 

investigated the structural and electrical properties of MOCVD-grown P-doped Ge epitaxial layers. 73 

 74 

 75 

2. Experimental procedure 76 

All in situ P-doped Ge layers were grown on high-resistivity Si(001) substrates (1000 cm). We 77 

used high-resistivity substrate in order to characterize electronic property of Ge layers with avoiding 78 

parallel conduction of the substrate. The Si substrate was chemically cleaned dipping first into an 79 

alkaline solution (NH4OH:H2O2:H2O=1:6:20) and second into a 1% HF solution, followed by 80 

thermal cleaning at 1000 C for 15 min in the MOCVD chamber with a pressure of 2.4103 Pa in 81 

pure H2 ambient. Tertiary-butyl-germane (TBGe) and tri-ethyl-phosphine (TEP) were used as MO 82 

precursor gases of Ge and P, respectively, as shown in Fig. 1. H2 and N2 gases were simultaneously 83 

supplied into the MOCVD chamber as carrier gas. The growth temperature and growth time were 84 

400 C for 20 min, 350 C for 72 min, and 320 C for 80 min. The thicknesses of Ge layers were 85 

245−255, 210−270, and 80 nm for the growth temperatures of 400, 350, and 320 C, respectively. 86 

The total pressure and TBGe flow rate during MOCVD were kept at 3.0103 Pa and 1.2 sccm, 87 

respectively. The TEP flow rate was ranged from 0 to 1.1 sccm. In this study, no post-deposition 88 

annealing was performed for all Ge layers. 89 

 90 
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The carrier type, carrier concentration, carrier mobility, and sheet resistance of prepared Ge 91 

layers were estimated using Hall effect measurement system with the Van der Pauw method at room 92 

temperature. The degree of strain relaxation of Ge layers were estimated using X-ray diffraction 93 

two-dimensional reciprocal space map (XRD-2DRSM; Phillips X’Pert MRD Pro diffractometer with 94 

Cu K1 X-ray source). XRD ω-rocking curve scan was also performed to investigate the crystalline 95 

properties of Ge layers. Scanning electron microscope (SEM; Hitachi S-5200) and atomic force 96 

microscopy (AFM; JEOL JSPM-4200) were performed to observe the surface morphology for Ge 97 

layers. Secondary ion mass spectroscopy (SIMS) was performed with a primary Cs ion beam for 98 

depth profile analysis of P atoms in Ge layers. 99 

 100 

 101 

3. Results and discussion 102 

Depth profiles of chemical P concentration were investigated with SIMS measurement for the 103 

P-doped Ge/Si samples grown at 400 and 350 C with various TEP flow rates as shown in Fig. 2. 104 

These result exhibits that the chemical P concentration in the Ge layer increases with the TEP flow 105 

rate at the growth temperatures of both 400 and 350 C. In the case of Ge growth at 400 C, the SIMS 106 

profiles also show that the chemical P concentration gradually increases from the Ge/Si interface to 107 

the Ge surface. It is considered that this could be owing to the P segregation during the Ge growth at 108 

400 C. The average chemical P concentration as high as 11020 cm−3 is achieved for the TEP flow 109 

rate of 1.110−1 sccm, which is as high as the thermal equilibrium solid solubility of P in Ge [1].  110 

In contrast to the conventional CVD using hydride and chloride precursors, MOCVD method 111 

often has a concern of the residual carbon (C) contamination incorporated in an epitaxial layer from 112 

MO precursors and by-product during the growth. Figures 3(a) and (b) show the SIMS depth profiles 113 

of the C concentration for the P-doped Ge/Si samples grown at 400 and 350 C with various TEP flow 114 

rates. Moreover, Fig. 3(c) shows that the residual C concentration in the P-doped Ge layers with 115 

various growth temperatures and TEP flow rates, which were estimated from SIMS measurements. In 116 

this study, the residual C concentration were estimated from average values in the flat region of the C 117 

concentration in the Ge layers because the surface contaminants significantly influence on the C depth 118 

profiles near the Ge surface. Regardless of the growth temperature and TEP flow rate, the residual C 119 

concentration slightly increases in the ranges from 1017 to 1018 cm−3, which indicates at least that 120 

increasing P incorporation up to 1020 cm−3 hardly affects residual C concentration below 1018 cm−3 in 121 

the P-doped Ge layers. In previous reports [15-17], there is an experimental evidence that the TEP 122 

gases are decomposed into ethylene (C2H4) and promptly exhausted as a by-product, resulting in no 123 



  Shinichi Ike et al. 

6 / 13 

C atoms or C-containing molecules left on the surface. Here, we can see peaks of the P- and 124 

C-concentration depth profile at the Ge/Si interface in Figs. 2(a), 2(b), 3(a), and 3(b). These peaks 125 

were also observed in the P-doped Ge homoepitaxial layer grown on a Ge substrate (not shown). These 126 

results indicate that the peak observed at the interface could be interpreted as a segregation near the 127 

interface and/or the contaminants originated from the ambient with residual MO precursors during the 128 

MOCVD process. One possibility is that the contaminants are related to pre-cleaning process of the 129 

substrate with the thermal treatment in the chamber performed in this study. There is still room to 130 

improve the surface cleaning process for reducing the contaminants on the substrate. 131 

 132 

The crystalline property and surface morphology of P-doped Ge layers were investigated with 133 

XRD, SEM, and AFM measurements. Fig. 4(a) shows a XRD-2DRSM result obtained around the Si 134 

2
—

2
—

4 reciprocal lattice point for the P-doped Ge layer grown at 320 C with a TEP flow rate of 135 

1.110−1 sccm. The diffraction intensity of this contour map is presented on a logarithmic scale. The 136 

vertical and diagonal lines across the Si 2
—

2
—

4 reciprocal lattice point indicate the trajectory lines of 137 

pseudomorphic and fully strain-relaxed state, respectively, for epitaxial layers. We can clearly 138 

observe two diffraction peaks related to a Si substrate and a Ge epitaxial layer, respectively, as shown 139 

in Fig. 4(a). The degree of strain relaxation (DSR) of epitaxial layer was estimated from the peak 140 

position of the Ge layer. The DSR along an in-plane direction is given by the following equation: 141 

DSR ≡
𝑎// − 𝑎pseud

𝑎bulk Ge − 𝑎pseud
 (1) 

where a// is the in-plane lattice constant of the Ge layer using XRD-2DRSM, abulk Ge and apseud are 142 

in-plane lattice constants of the bulk Ge and pseudomorphic Ge layer on the substrate, respectively 143 

[18]. For all P-doped Ge layers, the DSR value is estimated to be larger than 93%, which means that 144 

almost fully strain-relaxed P-doped Ge layer is grown on Si substrate. 145 

 146 

XRD ω-rocking curves of the Ge 004 Bragg reflection were obtained to study the influence of 147 

the P incorporation on the crystallinity of P-doped Ge layers as shown in Fig. 4(b). Increasing the 148 

TEP flow rate hardly degrades the full width of half maximum (FWHM) values of Ge 004 peaks 149 

which reflect the tilting angle of Ge(004) lattice plane, for growth temperatures in the ranges of 150 

320−400 C. Fig. 4(b) also shows that the FWHM values increase with decreasing the growth 151 

temperature down to 320 C. The degradation of the crystallinity of Ge epitaxial layers can be 152 

interpreted as suppressed surface migration of Ge adatoms by lowering the growth temperature. 153 

 154 



  Shinichi Ike et al. 

7 / 13 

Figs. 5 show plan-view and cross-sectional SEM images of Ge layers without and with P doping at 155 

a TEP flow rate of 1.610−2 and 1.110−1 sccm for a growth temperature of 400 C. The SEM 156 

observations revealed that increasing in the TEP flow rate made a little change the surface morphology 157 

of Ge layers. In previous literature for heavy P-doping for Ge [8], it was reported that increasing in the 158 

chemical P concentration up to around 21020 cm−3 causes the degradation of the surface morphology 159 

with P agglomeration. In this study, with increasing TEP flow rate, the period of surface roughening 160 

becomes small but no significant agglomeration of P atoms on the surface was observed with SEM. 161 

Fig. 6(a) shows AFM images of Ge layers without and with P doping at a TEP flow rate of 162 

1.110−1 sccm for growth temperatures of 320, 350, and 400 C, respectively. The scanning area for 163 

all images is 11 m2. Increasing the TEP flow rate little degrades the surface morphology for all 164 

samples in this study. Moreover, the root mean square (RMS) roughness of the Ge layers is 165 

drastically reduced with decreasing the growth temperature from 400 to 350 C as shown in Fig. 6(b), 166 

which means lowering the growth temperature effectively suppresses the three-dimensional island 167 

growth of Ge layers on Si(001) substrate [19-21]. On the other hand, lowering the growth 168 

temperature down to 320 C slightly degrades the surface morphology of the Ge layers compared 169 

with that grown at 350 C. It is considered that reduced surface migration of Ge adatoms at low 170 

temperature might cause the surface roughening. 171 

Considering these results of XRD and AFM measurements, heavily P-doped Ge epitaxial layer is 172 

grown on Si substrate at a growth temperature of as low as 320 C by means of MOCVD method. 173 

 174 

The electron concentration, carrier mobility, and sheet resistance of P-doped Ge layers were 175 

evaluated with Hall effect measurement at room temperature. For all P-doped Ge layers prepared in 176 

this study, n-type conduction was observed in the Hall effect measurement. Figs. 7(a) and (b) show 177 

results of the chemical P concentration, electron concentration, and sheet resistance in P-doped Ge 178 

layers as a function of the TEP flow rate for various growth temperatures. In this study, the Hall 179 

factor is assumed to be unity. As discussed above in Fig. 2(a), the SIMS measurement demonstrated 180 

the increase in the chemical P concentration in the layer with the TEP flow rate (Fig. 7(a)). The 181 

electron concentration corresponding to the electrically active P concentration were estimated to be 182 

1.71019, 1.81019, 2.21018 cm−3 for the growth temperatures of 400, 350, 320 C, respectively. In 183 

addition, we can also observe that the chemical P concentration drastically decreases with lowering the 184 

growth temperature even the constant TEP flow rate. At present, we consider that the decreasing the P 185 

concentration is owing to less thermal decomposition of TEP compared with that of TBGe during the 186 

low-temperature growth. The sheet resistance of P-doped Ge layers decreases with increasing in the 187 
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TEP flow rate, namely, increasing in the electron concentration as shown in Fig. 7(b). Here, we can 188 

see a plateau of electrically active P concentration of 1–21019 cm−3 in Fig. 7(a). It is considered that 189 

this plateau concentration is related to the thermal equilibrium solid solubility of P in Ge at the 190 

growth temperature. 191 

192 

Fig. 8 shows the electron concentration as a function of the chemical P concentration for P-doped 193 

Ge layers grown at different temperatures. The diagonal dashed line corresponds to the fully 194 

electrical activated P concentration in P-doped Ge layers. For P-doped Ge layers grown at 350 and 195 

400 C, we found that the incorporated-P atoms are almost activated up to 121019 cm3 as donor 196 

occupying the substitutional site in Ge. In the case of the chemical P concentration as high as 11020 197 

cm3, however, the electron concentration remained at 1.71019 cm3 which corresponds to an 198 

activation ratio of 17%. 199 

200 

By comparison to the growth temperature of 350 and 400 C, for that of 320 C, the electron 201 

concentration is as low as 2.21018 cm3 despite the chemical P concentration below the solid 202 

solubility of P in Ge. The activation ratio was estimated to be 23%. According to the previous report 203 

[22, 23], deactivation of n-type dopants in a Ge are generally interpreted as the formation of 204 

E-centers (n-type dopant-vacancy pair) and/or their clusters. Additionally, it is experimentally205 

reported that the concentration of vacancy-related defects in Si/Si0.64Ge0.36/Si structures increases 206 

with decreasing the growth temperature in molecular beam epitaxy [24]. Regarding the degradation 207 

of the activation ratio at 320 C, we considered that the incorporation of large amount of vacancies in 208 

the Ge layers owing to the low growth temperature could enhance the formation of P-vacancy pair 209 

and/or their clusters during MOCVD growth. Thus, the cluster formation possibly suppresses the 210 

activation of P atoms, resulting in the low electron concentration even though the chemical P 211 

concentration is below the solid solubility in a Ge. Considering these results, in situ P-doping by 212 

low-temperature MOCVD enables us to form the heavily doped n-Ge epitaxial layers with a 213 

concentration at least as high as the thermal equilibrium solid solubility limit of P in Ge. 214 

215 

Fig. 9 shows the electron concentration dependence of electron mobility for P-doped Ge layers 216 

and the bulk n-Ge as a reference [25]. The electron mobility for all P-doped Ge/Si samples was lower 217 

than that of the bulk n-Ge. The electron mobility is considered to be strongly influenced by the 218 

crystallinity of the Ge layers. The fully strain-relaxed P-doped Ge epitaxial layers prepared in this 219 

study would contain a lot of dislocations owing to the large lattice mismatch of 4.2% between Ge 220 
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and Si. As discussed in Fig. 4(b), increasing the growth temperature reduces the tilting angle of the 221 

lattice plane of epitaxial layer, in other words, improves the crystalline quality of the Ge layers. The 222 

degradation of the carrier mobility with lowering in the growth temperature can be attributed to the 223 

deterioration of the crystallinity of the Ge layers. 224 

 225 

 226 

4. Conclusions 227 

We investigated the crystalline and electrical properties of in situ P-doped Ge epitaxial layers grown 228 

on Si substrates using the MOCVD method with TBGe and TEP precursors. In situ P-doping by the 229 

low-temperature MOCVD demonstrated the incorporation of P in Ge epitaxial layer as high as 230 

11020 cm−3. XRD and AFM results showed that fully strain-relaxed P-doped Ge layer is epitaxially 231 

grown at as low as 320 C. Hall effect measurements revealed that heavily n-Ge epitaxial layers with 232 

the electrically active P concentration of 1.71019, 1.81019, and 2.21018 cm−3 at growth 233 

temperatures of 400, 350, 320 C, respectively, were achieved. Consequently, in situ P-doping with 234 

MOCVD promises the low-temperature growth of heavily n-Ge epitaxial layers, which are helpful 235 

for epitaxial growth technology for future Ge-based CMOS applications. 236 

 237 
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Figure Captions 311 

Figure 1: Chemical structural formulas of (a) tertiary-butyl-germane and (b) tri-ethyl-phosphine 312 

used as the Ge and Sn precursors, respectively. 313 

 314 

Figure 2: SIMS depth profiles of chemical P concentration for the P-doped Ge/Si samples grown at 315 

(a) 400 and (b) 350 C with various TEP flow rates. 316 

 317 

Figure 3: SIMS depth profiles of C concentration for the P-doped Ge/Si samples grown at (a) 400 318 

and (b) 350 C with various TEP flow rates. (c) Residual C concentration in the P-doped Ge layers 319 

with various growth temperatures and TEP flow rates. 320 

 321 

Figure 4: (a) XRD-2DRSM result of the P-doped Ge/Si sample grown at 320 C with a TEP flow of 322 

1.110−1 sccm and (b) FWHM values of the Ge 004 peaks of undoped- and P-doped Ge/Si samples 323 

as a function of the TEP flow rate. The thicknesses of Ge layers were 245−255, 210−270, and 80 nm 324 

for the growth temperatures of 400, 350, and 320 C, respectively. 325 

 326 

Figure 5: (a)−(c) Plan-view and (d)−(f) cross-sectional SEM images of Ge layers without and with P 327 

doping at TEP flow rate of 1.610−2 and 1.110−1 sccm for growth temperature of 400 C. 328 

 329 

Figure 6: (a) 11 μm2 AFM images of Ge and P-doped Ge layers grown at 400, 350, and 320 C 330 

with a TEP flow of 1.110−1 sccm. (b) RMS roughness of the Ge layers as a function of the TEP flow 331 

rate. The thicknesses of Ge layers were 245−255, 210−270, and 80 nm for the growth temperatures 332 

of 400, 350, and 320 C, respectively. 333 

 334 

Figure 7: The TEP flow rate dependence of (a) the electron concentration, the chemical P 335 

concentration (from SIMS), and (b) The TEP flow rate dependence of the sheet resistance in P-doped 336 

Ge layers. The Hall factor is assumed to be unity. The thicknesses of Ge layers were 245−255, 337 

210−270, and 80 nm for the growth temperatures of 400, 350, and 320 C, respectively. 338 

 339 

Figure 8: Electron concentration as a function of chemical P concentration for P-doped Ge layers 340 

grown at difference temperatures. The dashed line corresponds to fully electrical activated P 341 

concentration. 342 

 343 
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Figure 9: Electron concentration dependence of electron mobility for P-doped Ge layers for 344 

difference growth temperatures. 345 
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