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Highlights
® | ow-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 1x10%° cm~3,
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Abstract

We report the epitaxy of n-Ge layer with in situ phosphorus (P)-doping using metal-organic chemical
vapor deposition (MOCVD) method with tertiary-butyl-germane and tri-ethyl-phosphine precursors.
The crystalline and electrical properties of n-Ge epitaxial layers have been investigated using X-ray
diffraction, atomic force microscopy, and Hall effect measurements in detail. In situ P-doping with
MOCVD demonstrates the incorporation of P in Ge as high as 1x10%® cm=. The electron
concentration in P-doped Ge epitaxial layers are achieved as high as 1.7x10%°, 1.8x10'°, and 2.2x10

cm™ at growth temperatures of 400, 350, 320 °C, respectively.
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1. Introduction

Germanium (Ge) has attracted much attention as a channel material for low-power-consumption
complementary metal-oxide-semiconductor (CMOS) transistors because of its higher carrier mobility
than those of silicon (Si) and good compatibility with the conventional Si CMQOS process. In contrast
to Ge pMOS field-effect transistor (MOSFET), however, it is well known that the high diffusivity
and the low thermal equilibrium solid solubility of n-type dopants (P, As, Sb) make it difficult to
form high-performance n*-Ge source/drain (S/D) junction in Ge nMOSFET [1].

There are some requirements for high-performance n*-type Ge S/D structure as follows: heavily
n-type doping with an electron concentration as high as 10%° cm=3, formation of damage- and
defect-free S/D regions including interface, and low thermal budgets to suppress the dopant diffusion
out of layers. Several groups reported various doping methods for n*-Ge to overcome the above
issues [2-8]. lon implantation method is most commonly adopted in the conventional CMOS
technology, and the implantation technology requires post-implantation annealing up to 600 °C for
both recrystallization and activation of the implanted-impurity in Ge. An electron concentration in
Ge was achieved as high as 5-6x10° cm~ with ion implantation method [2-4]. However, there is a
concern that implantation-induced damages in the S/D regions could often degrade the electrical

property of pn junction [5].

In this study, we focus on in situ doping by chemical vapor deposition (CVD) which is also a
common method compatible with the conventional Si CMOS process. As reported in previous
literatures [7, 8], a Ge layer with an electron concentration as high as 6-7x10*® cm=3 was grown on
Ge using CVD method at a low growth temperature below 400 °C, with co-flow of GeHs or GezHs

and PH3 precursor gases.

We examine in situ phosphorus (P)-doping into Ge layers to exceed the thermal equilibrium
solid solubility and to grow damage-free epitaxial layers using CVD method. P is one of preferable
group-V dopant elements for Ge because of its highest solid solubility in Ge among other n-type
dopants [1]. Additionally, as reported in the literature [8], lowering the growth temperature possibly
leads to an increase of electrically active P concentration owing to the growth condition far from a

thermal-equilibrium one.

Recently, it is reported that the metal-organic CVD (MOCVD) growth of undoped Ge or
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Ge1-xSny epitaxial layers at low growth temperatures of 280-350 °C [9, 10] and 320-360 °C [11, 12],
respectively. Selective epitaxial growth of Ge or Ge;—«Snx on SiO2/Si substrates at a growth
temperature of 300—400 °C was also reported [13]. Thus, MO precursors have a promising potential
to realize the formation of heavily doped Ge(Sn) layer selectively on S/D regions at a low
temperature growth. In addition, MO precursors generally have advantages of riskless explosive,
pyrophoric, and toxic compared to conventional hydride and chloride precursors for Ge epitaxy. It is
expected that formation of heavily in situ P-doping into Ge can be realized by low-temperature
MOCVD as well as the conventional in situ doped Ge CVD. However, there are few reports which
clarify the MOCVD growth of Ge epitaxial layer with in situ doping. It is essentially important to
comprehensively study the crystal growth of Ge layer and the crystalline properties of Ge epitaxial
layers prepared by MOCVD method in order to develop heavily doped n-Ge S/D junctions for Ge
CMOS applications.

In this study, we examined in situ P-doping into Ge layers epitaxially grown on Si substrate for
realizing a P concentration as high as 10° cm™3 using low-temperature MOCVD method. We also

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

2. Experimental procedure

All in situ P-doped Ge layers were grown on high-resistivity Si(001) substrates (p>1000 Q-cm). We
used high-resistivity substrate in order to characterize electronic property of Ge layers with avoiding
parallel conduction of the substrate. The Si substrate was chemically cleaned dipping first into an
alkaline solution (NHsOH:H20,:H20=1:6:20) and second into a 1% HF solution, followed by
thermal cleaning at 1000 °C for 15 min in the MOCVD chamber with a pressure of 2.4x10% Pa in
pure H> ambient. Tertiary-butyl-germane (TBGe) and tri-ethyl-phosphine (TEP) were used as MO
precursor gases of Ge and P, respectively, as shown in Fig. 1. H2 and N2 gases were simultaneously
supplied into the MOCVD chamber as carrier gas. The growth temperature and growth time were
400 °C for 20 min, 350 °C for 72 min, and 320 °C for 80 min. The thicknesses of Ge layers were
245-255, 210-270, and 80 nm for the growth temperatures of 400, 350, and 320 °C, respectively.
The total pressure and TBGe flow rate during MOCVD were kept at 3.0x10° Pa and 1.2 sccm,
respectively. The TEP flow rate was ranged from 0 to 1.1 sccm. In this study, no post-deposition

annealing was performed for all Ge layers.
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The carrier type, carrier concentration, carrier mobility, and sheet resistance of prepared Ge
layers were estimated using Hall effect measurement system with the Van der Pauw method at room
temperature. The degree of strain relaxation of Ge layers were estimated using X-ray diffraction
two-dimensional reciprocal space map (XRD-2DRSM; Phillips X’Pert MRD Pro diffractometer with
Cu Kal X-ray source). XRD w-rocking curve scan was also performed to investigate the crystalline
properties of Ge layers. Scanning electron microscope (SEM; Hitachi S-5200) and atomic force
microscopy (AFM; JEOL JSPM-4200) were performed to observe the surface morphology for Ge
layers. Secondary ion mass spectroscopy (SIMS) was performed with a primary Cs ion beam for
depth profile analysis of P atoms in Ge layers.

3. Results and discussion

Depth profiles of chemical P concentration were investigated with SIMS measurement for the
P-doped Ge/Si samples grown at 400 and 350 °C with various TEP flow rates as shown in Fig. 2.
These result exhibits that the chemical P concentration in the Ge layer increases with the TEP flow
rate at the growth temperatures of both 400 and 350 °C. In the case of Ge growth at 400 °C, the SIMS
profiles also show that the chemical P concentration gradually increases from the Ge/Si interface to
the Ge surface. It is considered that this could be owing to the P segregation during the Ge growth at
400 °C. The average chemical P concentration as high as 1x10%° cm™ is achieved for the TEP flow
rate of 1.1x10° sccm, which is as high as the thermal equilibrium solid solubility of P in Ge [1].

In contrast to the conventional CVD using hydride and chloride precursors, MOCVD method
often has a concern of the residual carbon (C) contamination incorporated in an epitaxial layer from
MO precursors and by-product during the growth. Figures 3(a) and (b) show the SIMS depth profiles
of the C concentration for the P-doped Ge/Si samples grown at 400 and 350 °C with various TEP flow
rates. Moreover, Fig. 3(c) shows that the residual C concentration in the P-doped Ge layers with
various growth temperatures and TEP flow rates, which were estimated from SIMS measurements. In
this study, the residual C concentration were estimated from average values in the flat region of the C
concentration in the Ge layers because the surface contaminants significantly influence on the C depth
profiles near the Ge surface. Regardless of the growth temperature and TEP flow rate, the residual C
concentration slightly increases in the ranges from 10%" to 10'® cm™3, which indicates at least that
increasing P incorporation up to 10%° cm™2 hardly affects residual C concentration below 108 cm™ in
the P-doped Ge layers. In previous reports [15-17], there is an experimental evidence that the TEP
gases are decomposed into ethylene (C2H4) and promptly exhausted as a by-product, resulting in no
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C atoms or C-containing molecules left on the surface. Here, we can see peaks of the P- and
C-concentration depth profile at the Ge/Si interface in Figs. 2(a), 2(b), 3(a), and 3(b). These peaks
were also observed in the P-doped Ge homoepitaxial layer grown on a Ge substrate (not shown). These
results indicate that the peak observed at the interface could be interpreted as a segregation near the
interface and/or the contaminants originated from the ambient with residual MO precursors during the
MOCVD process. One possibility is that the contaminants are related to pre-cleaning process of the
substrate with the thermal treatment in the chamber performed in this study. There is still room to
improve the surface cleaning process for reducing the contaminants on the substrate.

The crystalline property and surface morphology of P-doped Ge layers were investigated with
XRD, SEM, and AFM measurements. Fig. 4(a) shows a XRD-2DRSM result obtained around the Si
224 reciprocal lattice point for the P-doped Ge layer grown at 320 °C with a TEP flow rate of
1.1x107! sccm. The diffraction intensity of this contour map is presented on a logarithmic scale. The
vertical and diagonal lines across the Si 224 reciprocal lattice point indicate the trajectory lines of
pseudomorphic and fully strain-relaxed state, respectively, for epitaxial layers. We can clearly
observe two diffraction peaks related to a Si substrate and a Ge epitaxial layer, respectively, as shown
in Fig. 4(a). The degree of strain relaxation (DSR) of epitaxial layer was estimated from the peak
position of the Ge layer. The DSR along an in-plane direction is given by the following equation:

a// — Apseud

DSR = (1)
QApulk Ge — Apseud

where ay is the in-plane lattice constant of the Ge layer using XRD-2DRSM, apuik ge and apseud are
in-plane lattice constants of the bulk Ge and pseudomorphic Ge layer on the substrate, respectively
[18]. For all P-doped Ge layers, the DSR value is estimated to be larger than 93%, which means that

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

XRD w-rocking curves of the Ge 004 Bragg reflection were obtained to study the influence of
the P incorporation on the crystallinity of P-doped Ge layers as shown in Fig. 4(b). Increasing the
TEP flow rate hardly degrades the full width of half maximum (FWHM) values of Ge 004 peaks
which reflect the tilting angle of Ge(004) lattice plane, for growth temperatures in the ranges of
320—400 °C. Fig. 4(b) also shows that the FWHM values increase with decreasing the growth
temperature down to 320 °C. The degradation of the crystallinity of Ge epitaxial layers can be

interpreted as suppressed surface migration of Ge adatoms by lowering the growth temperature.
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Figs. 5 show plan-view and cross-sectional SEM images of Ge layers without and with P doping at
a TEP flow rate of 1.6x1072 and 1.1x10°! sccm for a growth temperature of 400 °C. The SEM
observations revealed that increasing in the TEP flow rate made a little change the surface morphology
of Ge layers. In previous literature for heavy P-doping for Ge [8], it was reported that increasing in the
chemical P concentration up to around 2x10%° cm causes the degradation of the surface morphology
with P agglomeration. In this study, with increasing TEP flow rate, the period of surface roughening
becomes small but no significant agglomeration of P atoms on the surface was observed with SEM.

Fig. 6(a) shows AFM images of Ge layers without and with P doping at a TEP flow rate of
1.1x107! scem for growth temperatures of 320, 350, and 400 °C, respectively. The scanning area for
all images is 1x1 um?. Increasing the TEP flow rate little degrades the surface morphology for all
samples in this study. Moreover, the root mean square (RMS) roughness of the Ge layers is
drastically reduced with decreasing the growth temperature from 400 to 350 °C as shown in Fig. 6(b),
which means lowering the growth temperature effectively suppresses the three-dimensional island
growth of Ge layers on Si(001) substrate [19-21]. On the other hand, lowering the growth
temperature down to 320 °C slightly degrades the surface morphology of the Ge layers compared
with that grown at 350 °C. It is considered that reduced surface migration of Ge adatoms at low
temperature might cause the surface roughening.

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

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

The electron concentration, carrier mobility, and sheet resistance of P-doped Ge layers were
evaluated with Hall effect measurement at room temperature. For all P-doped Ge layers prepared in
this study, n-type conduction was observed in the Hall effect measurement. Figs. 7(a) and (b) show
results of the chemical P concentration, electron concentration, and sheet resistance in P-doped Ge
layers as a function of the TEP flow rate for various growth temperatures. In this study, the Hall
factor is assumed to be unity. As discussed above in Fig. 2(a), the SIMS measurement demonstrated
the increase in the chemical P concentration in the layer with the TEP flow rate (Fig. 7(a)). The
electron concentration corresponding to the electrically active P concentration were estimated to be
1.7x10%, 1.8x10%°, 2.2x10® cm™2 for the growth temperatures of 400, 350, 320 °C, respectively. In
addition, we can also observe that the chemical P concentration drastically decreases with lowering the
growth temperature even the constant TEP flow rate. At present, we consider that the decreasing the P
concentration is owing to less thermal decomposition of TEP compared with that of TBGe during the
low-temperature growth. The sheet resistance of P-doped Ge layers decreases with increasing in the
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TEP flow rate, namely, increasing in the electron concentration as shown in Fig. 7(b). Here, we can
see a plateau of electrically active P concentration of 1-2x10® cm™ in Fig. 7(a). It is considered that
this plateau concentration is related to the thermal equilibrium solid solubility of P in Ge at the

growth temperature.

Fig. 8 shows the electron concentration as a function of the chemical P concentration for P-doped
Ge layers grown at different temperatures. The diagonal dashed line corresponds to the fully
electrical activated P concentration in P-doped Ge layers. For P-doped Ge layers grown at 350 and
400 °C, we found that the incorporated-P atoms are almost activated up to 1-2x10° cm~3 as donor
occupying the substitutional site in Ge. In the case of the chemical P concentration as high as 1x10%
cm3, however, the electron concentration remained at 1.7x10* cm= which corresponds to an

activation ratio of 17%.

By comparison to the growth temperature of 350 and 400 °C, for that of 320 °C, the electron
concentration is as low as 2.2x10* cm= despite the chemical P concentration below the solid
solubility of P in Ge. The activation ratio was estimated to be 23%. According to the previous report
[22, 23], deactivation of n-type dopants in a Ge are generally interpreted as the formation of
E-centers (n-type dopant-vacancy pair) and/or their clusters. Additionally, it is experimentally
reported that the concentration of vacancy-related defects in Si/Sio.eaGeo36/Si structures increases
with decreasing the growth temperature in molecular beam epitaxy [24]. Regarding the degradation
of the activation ratio at 320 °C, we considered that the incorporation of large amount of vacancies in
the Ge layers owing to the low growth temperature could enhance the formation of P-vacancy pair
and/or their clusters during MOCVD growth. Thus, the cluster formation possibly suppresses the
activation of P atoms, resulting in the low electron concentration even though the chemical P
concentration is below the solid solubility in a Ge. Considering these results, in situ P-doping by
low-temperature MOCVD enables us to form the heavily doped n-Ge epitaxial layers with a

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

Fig. 9 shows the electron concentration dependence of electron mobility for P-doped Ge layers
and the bulk n-Ge as a reference [25]. The electron mobility for all P-doped Ge/Si samples was lower
than that of the bulk n-Ge. The electron mobility is considered to be strongly influenced by the
crystallinity of the Ge layers. The fully strain-relaxed P-doped Ge epitaxial layers prepared in this

study would contain a lot of dislocations owing to the large lattice mismatch of 4.2% between Ge
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and Si. As discussed in Fig. 4(b), increasing the growth temperature reduces the tilting angle of the
lattice plane of epitaxial layer, in other words, improves the crystalline quality of the Ge layers. The
degradation of the carrier mobility with lowering in the growth temperature can be attributed to the
deterioration of the crystallinity of the Ge layers.

4. Conclusions

We investigated the crystalline and electrical properties of in situ P-doped Ge epitaxial layers grown
on Si substrates using the MOCVD method with TBGe and TEP precursors. In situ P-doping by the
low-temperature MOCVD demonstrated the incorporation of P in Ge epitaxial layer as high as
1x10%° cm~3. XRD and AFM results showed that fully strain-relaxed P-doped Ge layer is epitaxially
grown at as low as 320 °C. Hall effect measurements revealed that heavily n-Ge epitaxial layers with
the electrically active P concentration of 1.7x10%°, 1.8x10'°, and 2.2x10'® cm™ at growth
temperatures of 400, 350, 320 °C, respectively, were achieved. Consequently, in situ P-doping with
MOCVD promises the low-temperature growth of heavily n-Ge epitaxial layers, which are helpful
for epitaxial growth technology for future Ge-based CMOS applications.
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Figure Captions
Figure 1: Chemical structural formulas of (a) tertiary-butyl-germane and (b) tri-ethyl-phosphine

used as the Ge and Sn precursors, respectively.

Figure 2: SIMS depth profiles of chemical P concentration for the P-doped Ge/Si samples grown at
(a) 400 and (b) 350 °C with various TEP flow rates.

Figure 3: SIMS depth profiles of C concentration for the P-doped Ge/Si samples grown at (a) 400
and (b) 350 °C with various TEP flow rates. (c) Residual C concentration in the P-doped Ge layers

with various growth temperatures and TEP flow rates.

Figure 4: (a) XRD-2DRSM result of the P-doped Ge/Si sample grown at 320 °C with a TEP flow of
1.1x10! sccm and (b) FWHM values of the Ge 004 peaks of undoped- and P-doped Ge/Si samples
as a function of the TEP flow rate. The thicknesses of Ge layers were 245-255, 210—270, and 80 nm
for the growth temperatures of 400, 350, and 320 °C, respectively.

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

doping at TEP flow rate of 1.6x1072 and 1.1x10°* sccm for growth temperature of 400 °C.

Figure 6: (a) 1x1 pm? AFM images of Ge and P-doped Ge layers grown at 400, 350, and 320 °C
with a TEP flow of 1.1x107! sccm. (b) RMS roughness of the Ge layers as a function of the TEP flow
rate. The thicknesses of Ge layers were 245—255, 210—270, and 80 nm for the growth temperatures
of 400, 350, and 320 °C, respectively.

Figure 7: The TEP flow rate dependence of (a) the electron concentration, the chemical P
concentration (from SIMS), and (b) The TEP flow rate dependence of the sheet resistance in P-doped
Ge layers. The Hall factor is assumed to be unity. The thicknesses of Ge layers were 245-255,

210-270, and 80 nm for the growth temperatures of 400, 350, and 320 °C, respectively.
Figure 8: Electron concentration as a function of chemical P concentration for P-doped Ge layers

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

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

345  difference growth temperatures.
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