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a b s t r a c t

We investigate phosphorus in-situ doping characteristics in germanium (Ge) during epitaxial growth by
spreading resistance profiling analysis. In addition, we present an accurate model for the kinetics of the
diffusion in the in-situ process,modeling combined growth and diffusion events. The activation energy and
pre-exponential factor for phosphorus (P) diffusion are determined to be 1.91 eV and 3.75 � 10�5 cm2/s.
These results show that P in-situ doping diffusivity is low enough to form shallow junctions for high
performance Ge devices.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Compared to silicon (Si), higher carrier mobility and carrier in-
jection velocity of germanium (Ge) makes it an attractive candidate
for electronic devices. In addition, Ge offers a wider absorption
window, specially, toward the near infrared region, where Si shows
weak or no optical absorption at all. The formation of p-type
shallow junctions in Ge (films/layers/substrates) has been suc-
cessfully demonstrated via ion-implantation technique and in-situ
doping during epitaxial growth for boron (B) [1,2] with concen-
trations above 2 � 1018 cm�3, the solid solubility of B in Ge. How-
ever, in the case of n-type Ge junction formation, significant effort is
still underway to realize high concentrations and shallow junctions.
Arsenic (As) is known to have low solid solubility and high
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activation energy (2.71 eV) [3] because its large radius makes it
difficult to substitute for Ge atoms [4,5]. In addition, since its high
diffusion coefficient (32 cm2/s) [4] hinders the formation of nþ

shallow junctions in Ge, phosphorus (P), which has relatively high
solubility, low activation energy, and low diffusivity, has been
widely used. Ion implantation of P can be used to achieve chemical
concentrations [6] high 1019 cm�3 regime, but implant damages
[7,8] induce transient enhanced diffusion (TED) hindering forma-
tion of shallow junctions in addition to dose losses [6e9], caused by
out-diffusion. Doping by conventional furnace diffusion of P leads
to deep junctions due to long in-diffusion [5]. In contrast to these
doping approaches, in-situ doping technique avoids any
implantation-related damages and deep in-diffusions, and conse-
quently provides fairly shallow junctions while offering high elec-
trically activated concentrations [10,11] at low processing
temperatures. We recently demonstrated an abrupt and box-
shaped high quality Ge nþ/p junction diode with in-situ doping
technique the result of which is reported elsewhere [12]. In order to
estimate accurately junction depth and shapewhen forming n-type
shallow junctions in Ge, accurate dopant diffusion modeling is
required. Although there are a few theoretical studies about P
diffusion in Ge [14,15], by simulations, such analyses are performed
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under the assumption that P atoms are doped by ion implantation
method and a simulation model related to P in-situ doping tech-
nique is not well established yet. Therefore, in this letter, we
investigate the electrical characteristics of P in-situ doped epitaxial
Ge layers and follow with a discussion of theoretical diffusion
model that can accurately predict our experimental findings.

2. Experiments

After the standard Si wafer cleaning process, a p-type (100) Si
wafer was immediately loaded into a cold wall Applied Materials
Centura RP-CVD epitaxial reactor. A hydrogen bake at 900 �C was
carried out to make sure that no native oxide remained on the Si
surface because native oxide on Si wafer prevents Ge film growth
on Si substrate. A very thin Si epi layer was first grown using
dichlorosilane (DCS) at 700 �C to improve the final film quality. This
initial growth was followed by annealing in H2 ambient for 30 min
at 825 �C. Next two Ge buffer growth steps were performed at
400 �C with the growth rate of w30 nm/min, also followed by
anneal in H2 ambient at 825 �C. The hydrogen annealing process
reduced Ge surface roughness by re-flowing the Ge atoms [16].
Then, we performed the final growth step for intrinsic Ge layer at
600 �C with the growth rate of w60 nm/min. This intrinsic Ge
epitaxial layer showed p-type 1�1014 cm�3 of electrically activated
concentration. Before growing the doped layer, the dopant gas line
is purged with diluted 1% phosphine to avoid the dopant cross-
contamination at the stabilization step. The final Ge layer was
grown at 400 �Ce600 �C at 8 Pa on the intrinsic Ge layer, in-situ
doped with diluted 1% phosphine for 2 min to form a nþ Ge layer.

3. Results and discussion

On an intrinsic Ge virtual substrate, in-situ doping of P is per-
formed by PH3 and GeH4 flow for 2 min at the maximum activated
doping condition. The mass flow ratios of F(PH3)/F(GeH4) are 0.007,
0.009, and 0.01 at the growth temperatures of 400 �C, 500 �C, and
600 �C respectively. Spreading resistance profiling (SRP) measure-
ments on grown samples are obtained. Extracted concentration of P
atoms versus depth from the surface is plotted in Fig. 1 at the
Fig. 1. SRP depth profiles of P in 400 �C, 500 �C, and 600 �C in-situ doped Ge layer
growth for 2 min.
growth temperatures of 400 �Ce600 �C. Deeper diffusion of P
atoms was observed as the deposition temperature increases. The
profile exhibits an abrupt and box-shaped junction formation
with a slope for the decay of P concentration, 13.7 nm/decade. In
addition, the electrically activated dopant profile near the surface
have positive slopes such that the electrically activated dopant
profiles near the surface is not at maximum because of the shorter
anneal time of the deposited phosphorus atoms in this region
compared to inner region.

The existing models in literatures [3,6,7,14,15] predicting the
diffusion kinetics of P in Ge use error-function profiles. In such
models, diffusion is from either an initial dopant profile by ion
implantation or assuming a constant dose source at the surface.
However, the actual epitaxial growth and in-situ doping process is
modeled as consecutive discrete events. Fig. 2 shows the proposed
growth model for in-situ doping process. During the in-situ doping
process, dopants are provided at the growing surface, and at the
same time, diffuse into the substrate. In order to take the effect of a
moving surface frontier into account, the growth process is
modeled by discrete consecutive cycles. Each cycle is composed of
growth phase and diffusion phase. During the growth phase, highly
doped thin Ge layer of thickness Dx is assumed to be deposited on
the surface. Dopants are diffused during the diffusion phase, and
the new doping profile after a short time interval Dt is obtained. A
single cycle models in-situ doping growth and dopant diffusion
during the short time interval Dt, so growth thickness Dx should be
v$Dt, where v is the growth rate of Ge layer (nm/sec). To model the
dopant diffusion during the time interval Dt, first, we divide the Ge
substrate into very thin layers. If the thickness of the each layer is
thin enough, then the doping profile in each layer can be consid-
ered as a delta function.

Fick’s Second Law is applied to numerically calculate the
resulting diffuse profile. The solution of a cycle is used as the initial
condition for the subsequent cycle in time.

vC
vt
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vx
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Due to high doping concentrations required in device applica-
tions, concentration-dependent-diffusion and electric-field (E-
field) effects were included in our model. The following relations
were used for second order concentration dependency and E-field
effects:
Fig. 2. Schematic of in-situ growth model.



Fig. 3. Phosphorus (P) concentration profiles of experimental and simulated data at
400 �C, 500 �C and 600 �C.
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where the first term v=vxðD½vC=v�Þ is related to basic Fick’s Second
Law and the second term v=vxðDCv=vx½lnðn=niÞ�Þ is related to the E-
field effect. In order to solve these equations, the derived solution in
Asaithambi [13] and finite-difference method is used.

The concentrations of speciesobtainedbySRPdata are electrically
active concentrations. It was shown that the electrical activation
levels for 400 �C, 500 �C, and600 �C in-situ P-dopedGeepitaxy layers
were 30%, 65%, and 100% respectively [12]. In the model described,
the chemical concentration of P in Ge was used by scaling the
measured electrically active concentration by the level of activation
at each growth temperature. As shown in Fig. 3, the resulting profiles
calculated numerically with our model and the experimental results
are inverygood agreement at 400 �C, 500 �C, and600 �C respectively.

At a given growth temperature, the doubly charged diffusivity,
D� �, dominates due to the quadratic dependence on the carrier
concentration. This supports the presence of concentration
Fig. 4. Plot of diffusivity coefficients (D� �) at different temperatures. For D� �,
activation energy is 1.91 eV, and diffusivity pre-factor is 3.75 � 10�5 cm2/s.
dependent effects in addition to a sharp decaying tail of the
measured profile. The junction depth, therefore, is governed by
the doubly charged diffusivity of P atoms. Fig. 4 plots the
extracted doubly charged diffusivity coefficient and correspond-
ing Arrhenius curve to fit experimental data. It is shown that the
activation energy and pre-exponential factor for phosphorus
diffusion are determined to 1.91 eV and 3.75 � 10�5 cm2/s. The
activation energy corresponding to the doubly charged diffusivity,
D� �, in this work is slightly lower than that observed in Chui
et al. (2.07 eV) [5], Carroll et al. (2.3 eV) [14] and Tsouroutas et al.
(2.69 eV) [15]. Chui et al. and Carroll et al. investigated the con-
centration dependent diffusivity of P in Ge when the dopants are
introduced by ion-implantation technique. The pre-factor of the
second order diffusivity coefficient obtained in this work is
dramatically lower than that reported by Chui et al.
(4.38 � 10�2 cm2/s) and Carroll et al. (1.85 � 10�2 cm2/s).
Therefore, in-situ doping technique can offer the low diffusivity
unattainable by earlier work [5,14], paving the way for fabricating
shallow n-type junctions and devices with high levels of electri-
cally active P in Ge.

4. Conclusion

We investigated characteristics of P in-situ doped Ge obtained
by epitaxial growth. The accurate modeling of P in-situ doping
process was achievedwith the activation energy of 1.91 eV and pre-
exponential factor of 3.75 � 10�5 cm2/s. Phosphorus in-situ doping
diffusivity is low enough to form shallow junction devices with
high performance in Ge substrate.

Acknowledgment

This work was performed at the Stanford Nanofabrication Fa-
cility (SNF) and was supported by MARCO Interconnect Focus
Centers, the Stanford University INMP program, and the Korea
University research fund. This work was supported by Basic Science
Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science, and
Technology (NRF-2011-0007997).

References

[1] S. Uppal, A.F.W. Willoughby, J.M. Bonar, N.E.B. Cowern, T. Grasby, R.J.H. Morris,
M.G. Dowsett, Diffusion of boron in germanium at 800e900�C, J. Appl. Phys.
96 (2004) 1376.

[2] S. Uppal, A.F.W. Willoughby, J.M. Bonar, A.G.R. Evans, Nick E.B. Cowern,
R. Morris, M.G. Dowsett, Diffusion of ion-implanted boron in germanium,
J. Appl. Phys. 90 (2001) 4293.

[3] S. Brotzmann, H. Bracht, Intrinsic and extrinsic diffusion of phosphorus,
arsenic, and antimony in germanium, J. Appl. Phys. 103 (2008) 033508.

[4] M. Koike, Y. Kamata, T. Ino, D. Hagishima, K. Tatsumura, M. Koyama,
A. Nishiyama, Diffusion and activation of n-type dopants in germanium,
J. Appl. Phys. 104 (2008) 023523.

[5] C.O. Chui, K. Gopalakrishnan, P.B. Griffin, J.D. Plummer, K.C. Sarawat, Activa-
tion and diffusion studies of ion-implanted p and n dopants in germanium,
Appl. Phys. Lett. 83 (2003) 3275.

[6] A. Satta, T. Janssenss, T. Clarysse, E. Simoen, M. Meuris, A. Benedetti,
I. Hoflijk, B. De Jaeger, C. Demeurisse, W. Vandervorst, P implantation
doping of Ge: diffusion, activation, and recrystallization, J. Vac. Sci. Technol.
24 (2006) 494.

[7] A. Satta, E. Simoen, T. Janssenss, T. Clarysse, A. Benedetti, M. Meuris,
W. Vandervorst, Diffusion, activation, and regrowth behavior of high dose P
implants in Ge, Appl. Phys. Lett. 88 (2006) 162118.

[8] C.O. Chui, L. Kulig, J. Moran, W. Tsai, K.C. Saraswat, Germanium n-type shallow
junction activation dependences, Appl. Phys. Lett. 87 (2005) 091909.

[9] A. Chroneos, D. Skarlatos, C. Tsamis, A. Christofi, D.S. McPhail, R. Hung, Im-
plantation and diffusion of phosphorous in germanium, Mater. Sci. Semicond.
Process. 9 (2006) 640.

[10] G.D. Dilliway, R. van den Boom, B. van Daele, F.E. Leys, T. Clarysse,
B. Parmentier, A. Moussa, C. Defranoux, A. Benedetti, O. Richard, H. Bender,
E. Simoen, M. Meuris, In-situ phosphorus doping of germanium by APCVD,
ECS Trans. 3 (2006) 599.



H.-Y. Yu et al. / Current Applied Physics 13 (2013) 1060e1063 1063
[11] J.M. Hartmann, J.-F. Damlencourt, Y. Bogumilowicz, P. Holliger, G. Rolland,
T. Billon, Reduced pressure-chemical vapor deposition of intrinsic and doped
Ge layers on Si(001) for microelectrics and optoelectronics purposes, J. Cryst.
Growth 274 (2005) 90.

[12] H.-Y. Yu, S.-L. Cheng, P.B. Griffin, Y. Nishi, K.C. Saraswat, Germanium in situ
doped epitaxial growth on Si for high-performance nþ/p-junction diode, IEEE
Electron Device Lett. 30 (2009) 1002.

[13] A. Asaithambi, Using automatic differentiation to solve concentration
dependent diffusion problems, Appl. Math. Comput. 159 (2004).
[14] M.S. Carroll, R. Koudelka, Accurate modelling of average phosphorus diffu-
sivities in germanium after long thermal anneals: evidence of implant damage
enhanced diffusivities, Semicond. Sci. Technol. 22 (2007) 164.

[15] P. Tsouroutas, D. Tsoukalas, I. Zergioti, N. Cherkashin, A. Claverie, Modeling
and experiments on diffusion and activation of phosphorus in germanium,
J. Appl. Phys. 105 (2009) 094910.

[16] A. Nayfeh, C.O. Chui, K.C. Saraswat, Effects of hydrogen annealing on
heteroepitaxial-Ge layers on Si: surface roughness and electrical quality, Appl.
Phys. Lett. 85 (2004) 2815.


	Experimental and theoretical investigation of phosphorus in-situ doping of germanium epitaxial layers
	1. Introduction
	2. Experiments
	3. Results and discussion
	4. Conclusion
	Acknowledgment
	References


