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Phosphorus Direct Doping from Vapor Phase into

Silicon for Shallow Junctions

Yukihiro Kiyota and Tohru Nakamura
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Kazuhiko Muraki and Taroh Inada
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ABSTRACT

Characteristics of shallow n-type layers formed by direct doping of phosphorus from the vapor phase are presented.
Shallow dO]i":\led layers can be formed with depths less than 100 nm using PH; as a source gas and hydrogen as a carrier gas.

i is found £

at the phosphorus concentration on the surface is constant with the doping time and is determined by the flow

rate of PH,, not by the solid solubility. By varying the flow rate of PHy, the surface phosphorus coneentration is controlled
in the range of 10" to 10" em ™, These results show that impurities with low sticking coefficients to silicon and high vapor
pressure, such as phosphorus, can be incorporated using this process, although the doping efficiency of phosphorus is low.

Increasingly smaller silicon large scale integrated cir-
cuits (LSIs) are produced by using advanced lithography.
For achieving still faster and smaller devices, shallow junc-
tions are indispensable. Ion implantation, which is widely
used in L.SI fabrication, has the disadvantage of the chan-
neling effect of ions, especially in the case of boron. To
overcome this problem, some new p-type doping processes
have been reported.”? For n-type doping, low-energy ar-
senic ion implantation is effective for shallow junctions
because the arsenic ion is so heavy that it reduces the chan-
neling effect. Source and drain regions of high-perfor-
mance n-channel metal oxide field effect transistors
(MOSFETS) are usually fabricated by arsenic ion implanta-
tion.” However, ion implantation has a basic drawback: an-
nealing is necesary after implantation in order to activate
the implanted ions and restore the crystal structure. This
requirement is one reason that it is difficult to reduce the
temperature during fabrication of LSIs. New doping pro-
cesses are therefore required even for n-type shallow junc-
tions. These processes should not suffer from channeling
and damage, and they should provide controllability of im-
purity concentration.

One candidate for making shallow junctions is the diffu-
sion method. Diffusion of phosphorus is usually performed
by using POCI, or PH, at about 1000°C. This high tempera-
ture makes it difficult to form shallow junctions. In this
conventional diffusion, the oxygen is needed to form (P,0Os),
which acts as the diffusion source on the wafer. Hsueh re-
ported other effects of oxygen to prevent segregation of
Phosphorus and variation of sheet resistance.” Using this
conventional method, solid-source diffusion of phosphorus
occurs from the oxide layer to silicon, although the gaseous
dopant is used. The surface phosphorus concentration is
determined by the solid sclubility which is a function of
temperature, not by the flow rate of the source gas. This
feature makes it easy to form doped layers with high con-
centration as in the gate electrode of MOS devices. How-
ever, it is difficult to form doped layers with relatively low
concentration as in a base region of pnp bipolar devices.*

We have developed a new doping method called rapid
vapor-phase doping (RVD) which is a kind of vapor source

diffusion.®® It is carried out in a hydrogen atmosphere us-
ing a doping gas such as PHj, or B,H;. This method has the
following features: (i) the impurity atoms directly diffuse
from the vapor phase into silicon, (i) the impurity concen-
tration is controlled by changing the flow rate of the source
gas, (iii) hydrogen carrier gas has roles for cleaning the
silicon surface before doping and for preventing unneces-
sary layers which include impurities during doping, and
(iv) the doping time is shortened to a few minutes. We have
shown that 30 nm p-type layers could be formed and that
the surface boron concentration of the doped layers can be
controlled by varying the flow rate of B,Hj.

In this paper, we give the results for phosphorus doping
by RVD using PH, gas. By varying the doping time and the
PH, flow rate, shallow n-type layers less than 100 nm deep
were successfully formed. It was found the doping effi-
ciency of phosphorus was lower than that of boron because
of the low sticking coefficient.

Experimental

The experimental setup consists of a vertical-type atmo-
spheric pressure chemical vapor deposition (APCVD) sys-
tem.® Bight 4 in. wafers can be loaded at once in this system.
The CZ (100), p-type, 10-Qcm wafers were used as sub-
strates. The wafers were cleaned by rinsing in conventional
chemical solutions. The final steps of this cleaning were in
HF and deionized water. After the wafers were loaded into
the chamber, the atmosphere was changed from nitrogen to
hydrogen. The flow rate of hydrogen was 50 liter/min. The
wafers were then heated on a graphite susceptor by RF
induction to the doping temperature. The heating rate was
100°C/min. Next, PH, source gas was mixed with the hy-
drogen carrier gas and supplied to the chamber. Typical
doping conditions are given in Table I. The hydrogen flow
rate was maintained until the wafers were cooled to about
200°C after doping. The cooling rate was also about 100°C/
min. The PH, gas was obtained as a 1% in hydrogen mix-
ture, which was further diluted by mixing with the carrier
gas. The doping temperature was 900°C, and the doping
time and flow rate of PH, were varied. The doping temper-
ature was determined to obtain a uniform doping across the
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Table 1. Doping conditions for rapid vapor phase doping.

H, flow rate

PH, (1%) flow rate
Doping temperature
Doping time

50 liter/min

30 to 200 ml/min
900°C

10 to 30 min

wafer and the repeatability of the data. At lower tempera-
tures, the variation of sheet resistance across the wafer was
so large that it was difficult to characterize the doped layer.

The phosphorus profiles were measured by secondary ion
mass spectroscopy (SIMS) with the Hitachi IMA-3000
spectrometer in which the primary ion was 13 keV C;. The
carrier profiles and the sheet resistance were measured by
differential Hall effect measurements and the four-probe
method.

Results
Dependence of the doping characteristics on the flow rate
of PH,.—Secondary ion mass spectroscopy (SIMS) profiles
for various PH, flow rates are shown in Fig. 1. The flow
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Fig. 1. SIMS profiles of phosphorus. Doping was carried out at

900°C for 30 min. PH, flow rate was varied from 30 to 200 ml/min.
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rates of PH, were 30, 100, and 200 ml/min. The doping time
was 30 min. Shallow phosphorus-doped layers were
formed about 100 nm deep. The phosphorus concentration
on the surface was controlled by the flow rate of PH,. As
shown in Fig. 2, it changes from 3.0 X 10" to 1.3 X 10¥em ™
as the flow rate of PH, is increased from 30 to 200 ml/min.
These values are lower than the solid solubility of phospho-
rus at 900°C, 3 X 10* ecm™®. ? These results show that RVD
provides various impurity concentrations below the solid
solubility by changing the flow rate of the source gas, This
feature is useful for making the base region of pnp bipolar
and the extended source and drain region of n-channel
MOS transistors. Under these experimental conditions, the
partial pressure of PH, in the atmosphere is not sufficient to
form highly doped layers, such as source and drain, and
re-evaporation of phosphorus may be occurring. Hence, the
surface phospharus concentration is determined by the dif-
ference between the number of adsorbed phosphorus on
silicon and that of re-evaporated ones. By increasing the
flow rate of PH, and supplying sufficient phosphorus to
reduce the effect of re-evaporation, the surface phosphorus
concentration would be at solid solubility. The sheet resis-
tance and carrier concentration of the doped layers are

el 1 !
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Fig. 4. SIMS profiles of phosphorus. Doping was carried out at
900°C, PH, flow rate of 200 mr/min. The doping time was varied
from 10 to 30 min.
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point where the phosphorus concentration is 1 x 10" cm™) vs.
doping time.

shown in Fig. 3. For a sample with PH; flow rate of 30 ml/
min, it was difficult to measure the carrier concentration
because of such small amounts of carriers. The sheet resis-
tance, a few k()/[] are suitable for the intrinsic base region
of a bipolar LSI. By increasing the flow rate of PH,, the
carrier concentration increased as well as the phosphorus
concentration.

Dependence of the doping characteristics on doping
time.—SIMS profiles of samples with various doping times
are shown in Fig. 4. The flow rate of PH, was 200 ml/min.
The junction depth increases with doping time, but the sur-
face phosphorus concentration is almost constant at 1.3
10" em~* as shown in Fig. 5. In boron doping, the surface
boron concentration increased with the doping time.” These
Tesults show the difference in the characteristics of phos-
phorus and boron and are discussed later. The junction
depth is defined as the point where the phosphorus concen-
tration is 1 X 10" em™, and this is plotted in Fig. 6. The
Junction depth increases linearly with the square root of
the doping time. These characteristics are identical to those
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Fig. 7. Dependence of sheet resistance and carrier concentration
on doping time.

of conventional diffusion except that the surface concen-
tration is less than the solid solubility. For future LSIs, it
will be necessary to form still shallower junctions below
50 nm which are obtained by reducing the doping time. In
our experimental setup, however, the slow cooling rate af-
ter doping due to a large thermal mass of the susceptor
causes an excessive impurity diffusion. A doping system
with lamp annealing apparatus is preferred to reduce ther-
mal budget and to form shallower junctions.® The sheet
resistance and the sheet carrier concentration of the doped
layers are shown in Fig. 7. Since the concentration of phos-
phorus on the surface is almost constant, the increase in
carrier concentration is caused by an increase in junction
depth.

Discussion
Process simulation.—Since the phosphorus concentra-
tion on the surface is constant as shown in Fig. 5, the diffu-
sion profile can be simulated by the solution of the follow-
ing differential equation (Fick’s law of diffusion)

aCx, t) . *Clx, t)
at D ozt (1]
20
- 10 ] 1
‘?E 900°C, 30 min doping
o 19 ™\, ,
c 10 ——"siMs
% s b R Simulation
— 18
€t 10 :
[ A
[8)
5 N
o 17 b
= A 4 \
: AN
o
=
5 10 L/\u \
o
=
o
1013
0 50 100 150

Depth (nm)

Fig. 8. Simulated phosphorus doping profile. The doping time was
30 min and temperature was 900°C. The surface phosphorus concen-
tration is maintained at 1.3 x 10'® cm ™ according to the experimen-
fal SIMS data.
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When the initial condition is C(z, 0) = 0, and the
boundary conditions are C(0, t) = C, and C(x, t) = 0, the
solution of the above equation is a complementary error
function

L
= 2
Cla t) cserfc(zm) [2]
where C, is the surface concentration (in atom/em®), D is
the phosphorus diffusion constant (in em?/s), = is the dis-
tance from the surface (in ecm), and ¢ is the doping time (in
seconds). The value of the diffusion constant in the litera-
ture!® was used. The results for the calculation including an
actual SIMS profile are shown in Fig. 8. The RVD condi-
tions were 900°C, 30 min with a PH; flow rate of 200 ml/
min. The phosphorus concentration on the surface, C;, was
maintained at 1.3 X 10" cm™® in the simulation according
to the actual SIMS data which is shown in Fig. 1. The
simulated curve provides a good fit to the SIMS profile.
This shows that the profile follows a complementary error
function distribution. These results show that the phospho-
rus doping by RVD is a diffusion with constant surface
concentration.

Doping efficiency—PH, gas easily dissociates below
400°C into hydrogen and compounds of hydrogen and
phosphorus.” Under the experimental temperature, 900°C,
it is believed that PH; gas completely dissociates into hy-
drogen and phosphorus. By assuming this, the number of
phosphorus atoms introduced into the chamber can be cal-
culated and used in the following calculation.

The phosphorus doping efficiency was investigated as
deseribed below. Using the density (1.40 kg/m”), molecular
weight (34.0 g/mol) of PH, gas and Avogadro’s number, we
calculated the number of phosphorus atoms N in 1 ml of
PH, gas (diluted with hydrogen to 1%) and the total num-
ber of supplied phosphorus atoms Ny,

N =248 X 10" (atom/ml) [31

N N x (PH, flow rate) X (doping time)
total = (surface area of susceptor)

(atom/cm?)
[4]

To compare with the integrated intensity I, of the SIMS
spectrum (in atom/cm?), the number of supplied phospho-
rus atoms was divided by the surface area of the graphite
susceptor in the reaction chamber. The size of the susceptor

J. Electrochem. Soc., Vol. 141, No. 8, August 1994 © The Electrochemical Society, Inc.

was 430 mm diameter and 10 mm thick. Therefore, the
phosphorus doping efficiency m for our system is

N = Liota/Neotal [5]

This value shows the ratio of the amount of incorporated
phosphorus atoms and the supplied phosphorus atoms. In
Fig. 9, the doping efficiency 7 is plotted as a function of the
supplied phosphorus atoms (in cm™®). For comparison,
horon data obtained at 900°C are also shown. The doping
efficiency of phosphorus is constant between 107" and 107,
These values are much lower than that of boron. From these
results, it is derived that the sticking coefficient of phos-
phorus is lower than boron in a hydrogen atmosphere,
Phosphorus atoms do not easily adhere to a silicon surface,
This low doping efficiency is also explained by the high
vapor pressure of phosphorus. At 900°C, the vapor pressure
of phosphorus is above 100 Pa, but that of boron is below
10 Pa.'* This high vapor pressure indicates that phospho-
rus is more stable as a vapor than as a solid. Using RVD,
impurities with high vapor pressure can be doped into sili-
con because the impurity is doped from the vapor phase
without forming an impurity layer on the surface.

Conclusions

Characteristics were obtained for shallow phosphorus-
doped layers formed by rapid vapor-phase doping (EVD),
Phosphorus atoms are successfully doped into silicon and
shallow junctions less than 100 nm deep were formed. By
changing the flow rate of PH;, the phosphorus concentra-
tion on the surface was controlled from 3.0 X 10" to 1.3 X
10 ecm™®. It was found that the phosphorus concentration
on the surface was independent of doping time and is deter-
mined by the flow rate of PH;, not by the solid solubility.
From the calculations of the doping efficiency, it was found
that the sticking coefficient of phosphorus on a silicon sur-
face is lower than that of boron. One feature of RVD is that
impurities with low sticking efficients can be doped be-
cause the impurity is doped directly from the vapor phase.
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