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In this paper, an analytical model is established to describe the
deposition kinetics and the deposition chamber characteristics that
determine the deposition rates of PureB-layers grown by chemical-
vapor deposition (CVD) from diborane 4Bs) as gas source on a
non-rotating silicon wafer. The model takes into consideration the
diffusion mechanism of the diborane species through the stationary
boundary layer over the wafer, the gas phase processes and the
related surface reactions. This model is based on a wide range of
input parameters, such as initial diborane partial pressure, total gas
flow, axial position on the wafer, deposition temperature,
activation energy of PureB deposition from diborane, surface H-
coverage and reactor dimensions. The model's predictive
capabilities have been verified by experiments performed at 700 °C
in these two different ASM CVD reactors.

I ntroduction

The chemical-vapor deposition of pure boron has in the last years been very successfully
applied for fabricating extremely shallow, less thannfi®deep, siliconp™n junction

diodes for a number of leading-edge device applications (1). This so-called PureB
technology has provided particularly impressive performance of photodiode detectors for
low penetration-depth beams for which 2-nm-thick PureB-layers are reliably
implemented as the front-entrance window (2-5). Ideal low-leakage diode characteristics
are achieved for deposition temperatures from 400°C - 700°C, which together with the
fact that the deposition is conformal and highly selective to Si, also makes PureB
technology an attractive candidate for creating junctions on silicon nanowires and
advanced CMOS transistors including source/drain in p-type FINFETs (6, 7). In the latter
applications, sub-3-nm thick layers are required to avoid excess series resistance through
the high-resistivity boron layer. Moreover, for the photodiode application any thickness
variations even in the angstrom range can have a large impact on the responsivity to
beams that only penetrate a few nm into the Si such as VUV light and less-than 1 keV
electrons. Therefore, a very good control of the layer thickness is crucial.

The PureB deposition is susceptible to loading effects and strongly depends to the
deposition and reactor conditions (8). In order to achieve better control of the deposition
and an understanding of the associated kinetics, the deposition mechanism and growth
characteristics should be described.
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In recent years, various theories have been proptsalescribe the transport
phenomena in CVD reactors (9-11). Most of theseehmwdeled the epitaxial growth of
Si and SiGe layers, and they can be divided into taain groups. The first covers
models that were developed on the basis of thedayyrlayer theory and only consider
physical diffusion effects (e.g. 9). The secondoamgasses models that consider the
surface reactions (e.g. 10, 11). Since in CVD wwadhe boundary layer is stationary or
at most moving slowly, the input value of partiaegsure of the reactants cannot be
upheld throughout the chamber. Moreover, the desigthe chamber (the height and
width of chamber, the size of the susceptor, atar) also have an influence on the
deposition and the final growth rate of the layer modeling that is detailed enough to
be predictive it is necessary to consider both ghyphenomena and reaction processes
in relationship to the specific reactor design.

In this paper, a kinetic model is purposed and shdwvbe potent enough to
predict the rate of pure-boron deposition from din@ (BHe) on a non-rotating silicon
wafer. The model takes into consideration the desse diffusion mechanism of the
diborane species through the stationary boundargr laver the wafer, the gas phase
processes and the related surface reactions.

Analytical kinetic model

In Fig. 1 a schematic illustration is shown of tteemical and physical CVD chamber
geometry that we have used in our model. In the alogl reactor the heighty, is
constant and equal to 22mand the widthp, is much larger thah. The aspect ratid/b

= 0.085, is therefore so small that we can condinierreactor to be a two-dimensional
system with sufficient accuracy.

s

Gas flow

Figure 1. Schematic illustration of the CVD reactgeometry used for modelling
purposes.

This model takes into consideration the diffusioechanism of the diborane species
through the stationary boundary layer over the wafee gas phase processes and the
related surface reactions. The concentration grofif the reactant species in the
horizontal chamber of the ASM Epsilon One CVD reads developed for diffusion
controlled growth rates in a laminar flow system.the following treatments, the gas
flow is considered to be laminar and dominated drgdd convection. By solving the
equation for mass conservation for the isotherrgsiiesn as outlined in appendix A, the
equationl as the average concentration profile of the esdstover the susceptor with
linear velocity profile is obtained
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In this equationD is the gas phase diffusivity of diborane molecutethe hydrogenC,
Up are the initial diborane concentration and velpoit gases antt andx are the height
of chamber and axial position over the wafer, respely.

From Meng Tao approach (10) for the PureB caseathigated flux of a precursor, i.e.,
the number of boron species that decomposes uplisiaowith the substrate is:

fo = i ( Ex +1j ex;{— Ej 2l
" (2mmgkT): Lk, T kT

where P is the partial pressure of the reactant at théaserof the substrate, aifg is
the activation energy of the heterogeneous regcéiod assuming an ideal gas with CV
independent on temperature and pressure for wRich NIi,T. In the case of PureB
deposition from diborane,,Bls, possible reactions to consider are listed in &bl

TABLE |. Heterogeneous reaction possibilities involved imeBdlayer CVD deposition with Blg as a
precursor.

Reaction | Notation B,Hg reaction with Reaction

Flg:.[] fBzHG—on—Si H-free Si surface sites B,H, +2(cSi) = 2(H,B - Si) + 2H

[R2] fBZHG_m_HSi SHiige;rminated Si surface B,H, +2(H - Si) = 2(H,B-Si) +2H,
[R3] fBZHe—on—B H-free PureB surface sites B,H, +2(cB) = 2(H,B - B) + 2H

[R4] fBzHG—on—HB SHi:[:Srminated PureB surfage B,H, +2(H -B)= 2(H,B-B)+2H,

The activation energies for reactions on H-ternadabi/PureB surface sites are
larger than H-free sites (12). Thus these fluxeslmaneglected as compared to those on
H-free Si/PureB surface sites. As mentioned in ({&f. at the early stages of deposition,
such as sub-min deposition times, boron atoms epedgited and interact to cover the
silicon surface with an atomic-layer plane and Hmeon coverage can also grow to
exceed one monolayer (1 ML). Thus the PureB depaosidan be divided into the two
stages. In the first stage a monolayer coverageud-boron atoms on the Si surface is
being built up and in the second stage the purerbatoms are deposited on a surface
fully covered with boron atoms. Here only secondgstis modeled. Under these
assumptions, the total surface B flux can be esgckas

S_ ¢S S S S
fB - fBH3—0n—Si + fBH3—on—HSi + fBH3—on—B + fBH3—on—HB [3]

~ S s
= fBH3—on—Si + fBH3—on—B

— £5S
- fBH3—on—B

Then based on equation 2, we can write down thategufor the primary surface B flux
as
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In this equationg,, g, , PBSH3 andmg, are the ratio of the H-terminated PureB surface

sites to all the PureB surface sites, the;PHrtial pressure at the substrate surface, and
molecular mass of Biirespectively. Theey,, _,,  Is the activation energy of the PureB

CVD deposition (12) unique to the particular react[R3]. They is the ratio of PureB
surface sites to all surface sites and is calcdlas [B]/N,, where [B] is the B
concentration and j\the atomic density of the PureB-layer, which B&0? atoms/cri
at Si surfaces and 1.3>*f0atoms/cm at PureB surfaces (13). Alsp is a unit less
constant.

With equations 1 and 4 and using the ideal gasittaa very thin layer over the
susceptor, the deposition raf@ep.Rate of the PureB-layer deposited in a CVD system
by using BHs can be calculated as

1-6 P E..,_ 5]
DepRatgx) = 0.264r7y( H(B)) BH, i ( BH;-on-B +1]
No (mBH3 koT)E kT

E
xexp ——s 22 |ex __25;2D X
kT h°u,

In this equation, thés,,, is the input partial pressure of tig, .

Experiments and Results

Experiments were carried out in two systems, th&Apsilon One and 2000, that have
a quartz reactor with a rectangular cross-sectidmese reactors have a large SiC
susceptor which is heated up to the deposition ¢eatpre by a crossed array of lamps
above and below of the deposition chamber. For slépo of the PureB-layer, diborane
was used as a gas source with different input glgptessures from 1.7 to 3.38torr.
Pure H was used as a carrier gas with a water and oxggetent below th@pmlevel
with variable flow rates between 5 to 20 sIm (sadditer per minute). All depositions
were performed at 700°C and atmospheric pressuféjfover 100 mm non-rotating
bare Si (100) wafers with a thickness of 500-55Q

In Fig. 2 several experimental results are comp#aredodel predictions. It should
be noted that parameter fitting was performed & ASM Epsilon One. The PureB
deposition rates are extracted as a function ofh@)axial positiony, for different gas
flow and diborane partial pressure conditions, da¥ flow over the susceptor, and (c)
input diborane partial pressure including curvestdam different axial positions. By only
adjusting the reactor/process parameters, this imede also successfully transferred
from the ASM Epsilon One to the Epsilon 2000 rernutbich has totally different reactor
conditions. The experimental results and modeliptieds for the Epsilon 2000 are also
shown in Fig. 2a. In fact, this model has the cdpwalo predict the deposition rate on
any 2-D uniform or non-uniformly patterned wafercsuas those used for advanced
device fabrication. A very small, less than 5%, ideon between experimental results
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and model prediction is plausibly related to theera diffusion of the diborane atoms
and it becomes more evident at lower gas flowsdiinorane partial pressures.
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Figure 2. Model and experimental results for theeBudeposition rate as a function of
(a) an axial positionx, (b) main gas flow over the susceptor, and (cpiibe partial
pressure. The applied diborane partial pressures 889, 2.55 and 1mtorr given by
P1, P, and B, respectively. And the applied gas flows were ZBand 1GsIlm given by
F1, F, and R, respectively. All experiments were performedtat@spheric pressure.
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It can be seen that the data calculated on thes lmdsthis model fits well with the
experimental results and it has been very useftihéndevelopment of uniform PureB-
layers with little pattern dependence as well agrimsferring recipes from one reactor to
the other.

Conclusions

In this paper, an analytical model was developedetscribe the deposition kinetics and
the deposition chamber characteristics that deterrtiie deposition rate of PureB layers
over the wafer. This model is based on a wide rarigeput parameters, such as initial
diborane partial pressure, total gas flow, axiakippen on the wafer, deposition
temperature, activation energy of diborane depmwsitsurface H-coverage and reactor
dimensions. By only adjusting these reactor-proqesmmeters, this model was also
successfully transferred from the ASM Epsilon Oodhte Epsilon 2000 reactor which
has totally different reactor conditions. The depms of 2-nm-thick PureB-layers with
only a few angstrom thickness variations is nowfqreted standardly for a variety of
process wafer conditions (8).

Appendix A

In this Appendix, the outline of the derivationeduation 1 is presented. Details can be
found in ref. (14).

First we consider a system with a constant tempe¥ain which the active
component rapidly decomposes at the suscepter), for all axial flow positiong > 0
(Fig. 1). Therefore, the concentrationyat O is zero across the whole decomposition
zone. Transport of material towards the suscepttine y-direction goes entirely via gas-
phase diffusion (laminar flow through the statigneoundary layer over the susceptor).
The equation for mass conservation for this case is

2 6
u(y) GC(E Y) _ p 9°C(x.Y) [6]

0 ay’

whereC(x,y)andD are the concentration profiles and the gas-phéfesion coefficient
of the active component in the carrier gas respelgtiu(y) is an expression for the
parabolic velocity profile in the reactor chambed @iven by:

2 [7]
u(y) = 4uo(% -%J
Equation 6 is difficult to solve for a parabolicleety profile. Therefore, the problem is
first to be solved for a constant flow velocity tbéafter the influence of a parabolic flow
profile on the obtained results is evaluated. IRerdase of a constant flow velocity)X
the problem can be solved analytically to reachrarsation equation (see ref. 14). After
simplification, equation 8 can be calculated far doncentration profile:
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_ACs o 7 | axd =D el
C(x,y)= p sm(Zhjexp[ anu, xj

In this equation, the gas phase depletion in tbe ftlirection is represented by the
exponential term. The axial distanggat which the concentration wt= h reaches the
critical concentration 00.99G after correction for the linear velocity profilarc be
extracted as (14):

_ hu, [9]
16D

Equation 8 shows that in the development regighx, the largest drop in concentration
occurs in a relatively thin layer above the susmegE.g. aty = h/4 the concentration
drop is down to the approximately 42%. Therefooe,clculation of the mass flux at=

0, this part of the reactor represents the regiomaiin interest. The main concentration
drop occurs betweeyn = 0 andy = h/4. In order to solve equation 6 in a more realistic
way than the plug velocity approach given above, ghrabolic velocity profile can be
substituted by a linear velocity distribution as

=340 [20]

This is on the average correct to witHih10% in the relevant range <y < h/4 as
illustrated by Fig. 3.
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Figure 3.Parabolic flow profile of equation 7 fog, =

Following ref. (15) for the solution of the diffusi problem in a semi-infinite system
with a capturing boundary &t= 0, and using Fick’s law gives
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4 [11]
F(X)= oleco( [?Jhxj

0
Because the active component is only consumgd=dl (over the susceptor), the average

concentration at = Xo, E(xo), can now be calculated on the basis of the totaust of
material that has disappeared as follows:

[ 7, (9ax=hu[c, ~C(x) -

Solving this equation and using equations 11 agiés the concentration profilesyat
0 presented in equations 1

_ - [1]
C(x) =0.692C, ex;{ﬁ xj
h°u,

This is the average concentration profile of thectants over the susceptor with linear
velocity profile. This will be used for developinge final deposition rate model for
PureB layer deposition.
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