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ABSTRACT 

A physical model based on the mult iple charge state vacancy statistics i s  
proposed to express the boron diffusivity in  silicon dur ing  the deposition step 
using the BN disk as a diffusion source in  an iner t  ambient.  The diffusion 
equation with concentrat ion dependent  diffusivity is solved numerically.  A 
universa l  shape of the normalized profiles is observed. The surface concentra-  
tion of the deposited layer  has been determined experimental ly.  The calculated 
sheet resistance as a funct ion of deposited t ime and temperature  is in good 
agreement  with the measured data. With a slight modification, this simple 
vacancy statistics model can also be applied to other deposition sources. 

One of the most impor tan t  advantages of the boron 
ni t r ide (BN) source deposition process is its high re-  
producibili ty.  It  is also possible to describe the de- 
position sheet resistance in mathemat ical  terms (1). 
High surface concentrations are generated by the BN 
diffusion sys t em and anomalous effects have been ob- 
served under  different diffusion conditions (2). To 
explain concent ra t ion-dependent  diffusion in an iner t  
atmosphere, Fai r  (3) proposed a donor- type mono- 
vacancy diffusion model and showed that the boron 
profiles fit a normalized universal  curve which is a 
polynomial  approximation to the solution of the dif- 
fusion equation with l inear  concent ra t ion-dependent  
diffusivity. 

Recently, it was reported that  vacancies in silicon 
can exist in V +, V- ,  and V = charge states, each having 
a definite energy level in the forbidden bandgap (4). 
Based on the mult iple  charge state vacancy statistics, 
I-lo and P lummer  (5) have successfully explained the 
commonly observed enhanced oxidation rates of heav-  
i ly doped silicon. The purpose of this paper  is to i l lus- 
trate that  the same statistics can also be applied to 
the behavior  of high concentrat ion boron deposition in 
a dry ni t rogen ambient.  

Although Fair  (6) has examined the contr ibut ion of 
each charge state to the total diffusivity, it  wil l  be a 
good approximation that the diffusion coefficient of 
boron in silicon under  an iner t  atmosphere is di- 
rectly proportional to the total vacancy concentration. 
Fur thermore,  the enhanced diffusions in  oxidized am- 
bients can be explained by a surface space charge 
effect. The electric field factor general ly  encountered in  
the diffusivity expression will be omitted, since its 
variat ion is very small  (from 1.45 to 2) and the 
localized Fermi level involved in  the vacancy statis- 
tics might  include the localized electric field effect. 

As found by Armigliato et al. (7) , al though dopant 
concentrat ion is much higher than the solubil i ty value 
at deposition temperature,  precipitat ion is hard to 
occur. It  is reasonable to" assume that  each boron 
atom in silicon provides a free hole in the diffusion 
coefficient and sheet resistance calculations. The hole 
mobil i ty deduced by Antoniadis  et al. (8) will be used 
in the surface concentrat ion and sheet resistance cal- 
culations. 

* Electrochemical Society  Act ive  Member.  
Key words: diffusion model, boro~ deposition, BN source,  va- 

cancy statistics. 

Exper imenta l  
The diffusion source employed i n  this work was 

Carborundum BN-975 boron ni t r ide disks. The silicon 
materials used were 2 in. d iam (111) oriented, one-side 
polished, high resistivity (>20 ~ -cm)  n - type  wafers. 
The source and silicon wafers are edge-stacked in the 
deposition carrier  face to face with a spacing of ap- 
proximately 1 ram. The diffusion furnace used w a s  
Thermco-Ranger  Type-3000. The furnace ambient  was 
dry ni t rogen at a flow rate of 1 l i te r /min .  

The sheet resistance of deposited layers was mea-  
sured using a Veeco Model FPP-100 four-point  probe. 
In order to obtain information on the dopant profile, the 
surface concentrat ion was determined from a differ- 
ential  sheet resistance measurement .  The thickness of 
anodic oxides was measured using a Rudolph Auto 
EL-II  ellipsometer. The volumetric  ratio of 0.4 for siii- 
con converted to silicon dioxide and the concentrat ion-  
dependent  hole mobil i ty  value of Antoniadis  et al. (8) 
were used in the concentrat ion calculation. The niea-  
sured results of surface concentrat ions as a funct ion 
of temperature  is shown in Fig. 1 along with other re-  
ported data for both BN solid source (2) and BB:  
l iquid source (7). 
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Fig. 1. Surface concentration of boron in silicon as a function of 
temperature. 
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Diffusion Model 
The atomic theory  of diffusion for  subs t i tu t ional  im-  

pur i t ies  in sil icon is based on the la t t ice  vacancy  dif -  
fusion mechanism.  The effect of equ i l ib r ium vacancy  
concentra t ion  var ia t ion  on the impur i t y  diffusivi ty was 
first consicLered by  Hu and Schmid t  (9), and  an ex-  
press ion of concen t ra t ion -dependen t  diffusivi ty based 
on single charged  s tate  had  been derived.  

At  the  presen t  t ime, i t  is known tha t  si l icon v a -  
cancies exis t  in neu t r a l  V x and mul t ip le  charged  states  
V +, V - ,  and  V =. The charged  vacancy states  have 
definite energy  levels  in  the bandgap  [4). The donor 
level  E t racks  the valence bandedge  Ev 

E + : By + 0.37 eV [1] 

whi le  the  acceptor  levels  E -  and  E = t r ack  the conduc-  
t ion bandedge  Ec 

E- : Ec -- 0.57 eV [2] 

E = = Ec -- 0.11eV [3] 

as the bandgap  na r rows  wi th  increas ing t empera tu re  

Eo:Ec--Ev=1.17--4.73X i0 -4 T+636 [4] 

From the Shockley-Last theory (i0), the thermal 
equilibrium concentrations of vacancies at various 
charged states C r (r: +,x,--,--) are related to the 
Fermi  level EF by  

E + _ E F 
C+:C x:c-:C ==exp :i 

kT 

EF -- E- 2EF -- E- -- E = 
: exp  : exp [5] 

k T  k T  

where  the degeneracy  effects have  been  neglected.  I t  
has been  a rgued  b y  Shocldey  and Moll  (11) tha t  the  
equ i l ib r ium concentra t ion of neu t r a l  vacancies is a 
funct ion of t empe ra tu r e  only  whi le  the concentra t ion 
of charged  vacancies is a funct ion of the Fe rmi  level  
as well. The to ta l  vacancy  concentra t ion normal ized  to 
the  neu t ra l  vacancy concentra t ion is thus given b y  

E + -- EF EF -- E- 
CT : i + exp + exp 

k T  k T  

2EF -- E- -- E = 
+ exp [6] 

k T  

By the use of Bol tzmann approx ima t ion  

El -- EF p 
exp = -- [7] 

k T  ni 

where  Ei is the in t r ins ic  Fe rmi  level  

FG k T  
E| : -- [8] 

2 4 

and ni is the  intr insic  ca r r i e r  concentra t ion  approx i -  
ma te ly  given (12) b y  

( 0 . 6 0 5 )  
ni : 3.87 X 1016T3/2 exp k T  [9] 

Equat ion  [6] can be expressed  as 

cT=i+~+ ~ +0- +r 

where 
E + -- El 

;3 + = exp 
k T  

[i0] 

and 

;~- = exp 
El -- E- 

kT 
[!1] 

2El-- E- -- E = 
~ =  - -  exp 

kT 

On the assumption that the effective diffusivity is 
direc t ly  p ropor t iona l  to the total  vacancy  concentra t ion  
(9), one gets 

D p /  
"- [12]  

Di l+fl++fl-+;~ = 

where Di is the intrinsic diffusivity. The value of Di for 
boron in silicon has recently been determined by An- 
toniadis et al. (8) as 

< 3"42eV ) c m 2 / s e c  [13] Dl --  0.55 exp k T  

under  nonoxidized a tmosphere .  

Numer ica l  Analysis 
The classical solut ion of diffusion equat ion wi th  con- 

s tant  diffusivi ty and constant  surface concentra t ion is 
a w e l l - know n  complemen ta ry  e r ror  function. How-  
ever, for  a h igh-concent ra t ion  deposit ion,  the  diffusion 
coefficient is concen t ra t ion-dependen t  and  no ana ly t ic  
solut ion is avai lable .  Most recen t ly  a g rea t  dea l  of 
a t ten t ion  has been  given to the  use of compute r  s imu-  
la t ion to de te rmine  dopant  profiles (13). 

For  a concen t ra t ion-dependen t  diffusivity, the  diffu- 
sion equat ion is 

= -- D [14] 
"OY OY - ~ - -  

This p rob lem should be Solved numer ica l ly  b y  dis-  
cret izing the space y and t ime t coordinates  

%/-- yj --  j a y  j = . . . .  --2, --1, 0, 1, 2 . . . .  

t = ti = fa t  ~ -- O, 1, 2 . . . .  

and wr i t ing  the dif ferent ia l  Eq. [14] as a set of differ-  
ence equat ion (14) 

N (yj,ti+ l) -- M [ D ( y j +  l , t i )N (yj+ l,~t) 

+ D ( y j - l , t 0  N (Yj- l , t0  ] + [1 --  2MD (yj , t0 ]N (yj,ti) 

[15] 

where  M : At / (Ay)  ~ is cal led the  mesh rat io  a n d  
D(yj , t i )  is eva lua ted  f rom Eq. [12] by  le t t ing  p - -  
N(yj , t i )  for N(yj , t i )  > ~%i and p : ni for N(yj , t i )  --~ hi. 
The boundary  condi t ion for  a constant  surface concen- 
t ra t ion  deposi t ion is N (y0,ti) ---- No and the cor respond-  
ing diffusivi ty is Do. The numer ica l  calculat ion can be  
pe r fo rmed  on a TI 59 p rog ra mma b le  calculator .  I t  
would  take  about  2 hr  to genera te  a profile, if  a mesh  
rat io M of ~/4D0, a space in te rva l  hy of ~/4D0t/10, and  
a t ime in te rva l  At of t/100 are  chosen. 

The ca lcula ted  profiles of N/No vs. y/~/4D0t for 
severa l  deposi t ion t empera tu re s  are  shown in Fig. 2. 
These normal ized  curves show a un iversa l  shape in the 
high concentra t ion region (N > hi) and a comple-  
m e n t a r y  e r ror  function ta i l  in the  low concentra t ion 
region (N < n0 .  I t  is in teres t ing  to note tha t  the  un i -  
versal  curve can be expressed  as 

( , )  ( , ) '  
--:i--0.631 - -  --0.214 - -  [16] 
/Vo VT/~ot V ~  
which is in good agreement  wi th  the app rox ima te  solu-  
t ion for arsenic  diffusion in terms of Chebyshev po ly -  
nomials  (15). As a ma t t e r  of fact, Fa i r ' s  normal ized  
boron profile [Fig. 3 of Ref. (3)]  can also be approx i -  
ma ted  by  Eq. [16] if the space coordinate  is normal ized  
to the surface diffusion l eng th  ~/4D0t. 

Results and Discussion 
The expe r imen ta l  resu l t  of sheet  res is tance as a 

funct ion of deposi t ion t ime at  var ious  t empera tu re s  are  
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Fig. 2. Normalized profiles of N/No vs. y/~v/4Dot for various 
temperatures. 

shown in Fig. 3 along wi th  da ta  r epor ted  b y  Rupprech t  
and Stach (16). Assuming tha t  boron atoms in the di f -  
fused l aye r  a re  ful ly  ionized, the deposi ted sheet  res is t -  
ance Rs can be ca lcula ted  f rom 

Rs-z = f q~pNdy [17] 

where  ~p is the concen t ra t ion -dependen t  hole mobi l i ty  
given (8) b y  

4 1 8  
#p = 4 9 . 7  "l [ 1 8 ]  

1 + (N/I .6  X i01;) ~ 

As shown in Fig. 3, the  numer ica l ly  ca lcula ted  resul ts  
of sheet  res is tance are  in good agreement  wi th  m e a -  
sured  values.  

Al te rna t ive ly ,  Eq. [17] can be expressed  a s  

Rs - z  --- q ~ Q  [19] 

where  #p is the average  hole mobi l i ty  and Q is the  de-  
posi ted quan t i ty  of boron atoms in silicon per  uni t  area.  
F r o m  numer ica l  calculat ions i t  has been  found tha t  

_~ 54 cme/Vsec for No ~ 2 • 10 ~0 cm -3 and Q _ 
0.628 No ~/4Dot for all  deposi ted  t empera tu re s  used in 
this work.  Therefore,  the sheet  res is tance express ion 
[19] becomes 

Rs : 9.2 X 1Ol6/N0 ~/Dot-Q/sq [20] 

where  No and Do are  t empera tu re  dependent .  
If  the junct ion  dep th  was defined as the dis tance 

f rom the surface at  which N/No had fa l len  to 10 -2  in 
Fig. 2, then  

yj _~ 2.4 x/D0# [21] 

This is in app rox ima te  agreement  wi th  Fa i r ' s  app rox i -  
mat ion  [Eq. [12] of Ref. (3)] .  

I t  is suggested f rom Eq. [20] and [21] tha t  the sur -  
face diffusivi ty Do can be de te rmined  expe r imen ta l l y  
by profile fitt ing or  sheet  resis tance and surface concen- 
t ra t ion  measurements .  Some expe r imen ta l l y  de te r -  
mined  values  of Do/Di and theore t ica l ly  ca lcula ted  
curves of D/Di vs. N/ni are  shown in Fig. 4. The mu l t i -  
p le  charge s tate  vacancy  model  proposed  in this  work  
gives a resu l t  for  the low t empera tu re  deposi t ion using 
BN disks as diffusion source in a d r y  n i t rogen  am-  
bient. Fo r  comparison,  the Do~D1 values  for  BBr3 
sources (7) as deduced f rom profile f i t t ing are  also 
shown in Fig. 4. Enhanced diffusion is observed.  This 
phenomenon m a y  be exp la ined  as follows. 

The BBr8 l iquid source deposi t ion is genera l ly  car r ied  
out  in an oxidized ambient .  This m a y  resul t  in some 
negat ive  ions in the oxide layer.  This surface charge  
causes the energy  band  of sil icon to bend u p w a r d  at  the 
surface and the hole concentra t ion p is then enhanced 
by  a Bol tzmann factor  
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Fig. 3. Sheet resistance vs. deposition time for s:veral tempera- 
tures. 
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Fig. 4. Normalized diffusivity vs. normalized boron concentration 
under different conditions. 
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where • is the amount of energy band bending upward 
normalized to the thermal energy kT and N is the 
boron concentration. Taking this into account, the 
effiective difi'usivity, Eq. [12], is modified to 

D 

Di(O) 

1 + , + e "  (n.~.) +/~_e_,, ( . ~ j ) - 1  + F=e_2/,(~ii)N -2 

1 Jr/~+ 4-- #-  4- ~ = 
[23] 

where Di(0) is the intrinsic diffusivity without energy 
band bending given by Eq. [13]. In Fig. 4, a band 
bending of 1 kT shows a good fit for the surface dif- 
fusivity of the BBr8 source deposition. 

In addition to the neutral  vacancy concentration, the 
intrinsic diffusivity at the surface also depends on the 
band condition 

Di(A) 1 4" / ~+eA "4-/~-e-" 4-/~=e -2A 
= [24] 

Di(0) 1 -F/~+-F/~- -1- / 3= 

The effect of band bending on the intrinsic diffusivity 
is shown in Fig. 5. Due to negatively charged vacan- 
cies, the intrinsic diffusivity decreases slightly with a 
small upward band bending. The values used in this 
work and the data reported by Fair  (6) are also shown 
in Fig. 5. It is interesting to note that  the increase of 
the enhancement of intrinsic diffusivity in oxidizing 
ambient with decreasing temperature (8) can be ex- 
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Fig. 5. Intrinsic diffusivlty of boron in silicon with and without 
band bending. 

plained by the band bending effect. I t  is well known 
(17) that the positive oxide charge near the silicon 
dioxide-silicon interface increases with decreasing 
temperature. This positive surface charge will cause 
a downward band bending and the magnitude of 
band bending will increase with decreasing tempera-  
ture. Therefore, Eq. [24] gives a good explanation for 
the diffusivity enhancement. 

Conclusion 
A simple diffusion model based on the vacancy sta-  

tistics gives a satisfactory prediction of the behavior 
of BN source deposition. Although the charged state 
of lattice vacancies might have a different contribu- 
tion to the diffusion coefficient, the different be-  
haviors for different diffusion conditions can be ex- 
plained by a band-bending effect. 
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