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Fig. 8. Typical surface morphologies observed on (a) a back- 
melted InP substrate, and (b) a back-melted epi-layer. The marker 
represents 1.0 mm. 
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ABSTRACT 

An analytic model for the growth kinetics of silicon thermal nitridation has been developed, in which the nitrogen 
radicals diffused across the as-grown thermal silicon nitride layer have been characterized by a characteristic diffusion 
length. It has been shown that the direct thermal nitridation of silicon in ammonia gas or nitrogen gas is similar to the 
silicon oxidation in oxygen or steam when the characteristic diffusion length of the nitrogen radicals is much larger 
than the as-grown silicon nitride layer. However, when the thickness of the as-grown silicon nitride film is larger than 
the characteristic diffusion length of the nitrogen radicals, the thickness of the as-grown silicon nitride film tends to 
saturate. The self-limiting growth has been verified to be the "logarithmic" relation of the developed model, and the 
activation energy of the quasi-saturation thickness has been shown to be the activation energy of the characteristic 
diffusion length. Based on comparisons between the experimental data and the developed model the characteristic 
diffusion length has been shown to be very short and has been estimated to be smaller than I0~ for nitridation 
temperature below 1200~ and its activation energy has been estimated to be of 0.181 eV. Moreover, the linear growth 
rate constant and the parabolic growth rate constant of the as-grown thermal nitride films have been estimated to be of 
1.286 and 1.546 eV, respectively, which are smaller than those of the silicon oxidation in dry oxygen or steam ambient. 
In addition, it has been shown that the linear growth rate constant of the thermal nitridation using ammonia gas is 
larger than that of the thermal oxidation using dry oxygen or steam ambient, which predicts that the surface-limited 
reaction of the silicon surface in ammonia gas is faster than that in dry oxygen or steam ambient. 

Silicon nitride films, which exhibit high structure 
density, high dielectric constant, good electrical prop- 
erties, and strong inertness toward chemicals, have 
been widely used in semiconductor devices and inte- 
grated circuit fabrications. However, high quality sili- 
con nitride films have been prepared by expensive 
methods such as chemical vapor deposition (CVD) or 
plasma deposition. In modern silicon technologies, 
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thicker silicon diode films (>1000A) with satisfactory 
quality and precise thickness can be easily obtained 
by the direct thermal oxidation of the silicon surface. 
However, thin silicon dioxide films (<500A) with high 
quality and reproducible properties have become a 
challenge for the present technique. Before 1976, much 
effort was made to prepare the silicon nitride films by 
using the reaction of the silicon surface in nitrogen 
ambient; however, no continuous nitride films had 
been obtained (1-5). Until 1978, Fujitsu Laboratories 
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Limi ted  (6) had repor ted  that  continuous and uni form 
silicon n i t r ide  films could be obta ined  by  the d i rec t  ni -  
t r ida t ion  of the sil icon surface in n i t rogen  or ammonia  
ambient .  Later ,  t he rma l ly  grown silicon n i t r ide  films 
for the  gate insula tor  of the IGFET devices had~ been 
successfully fabr ica ted  (7), and the die lect r ic  constant  
of the a s -g rown films was shown to be about  30% 
la rger  tha t  tha t  of the sil icon dioxide  films. Moreover,  
it  had been shown that  low surface state densi ty  and 
high e lect ron mobi l i ty  could be ob ta ined  for an n -  
channel  MOSFET. I t  is be l ieved that  t h e r m a l l y  g rown 
silicon n i t r ide  films wil l  be the impor t an t  mate r ia l s  for 
device applicat ions,  especia l ly  for the  gate insu la tor  of 
fu ture  submicron MOS devices. However ,  no de ta i led  
reports  on the growth  kinet ics  of the a s -g rown the rmal  
n i t r ide  films have been given. I t  has been shown (5, 
6, 8) tha t  the  t he rma l  n i t r ida t ion  of the  si l icon surface 
was quite different  f rom the the rmal  ox ida t ion  of the 
silicon surface. In  the case of t he rma l  oxidat ion  the 
growth  kinet ics  can a lways  be descr ibed by  the ex-  
pression, Xo 2 + A X o  --  B ( t  + T), where  Xo is the oxide 
thickness,  t is the  oxidat ion  t ime,  �9 is the  in i t ia l  oxide 
thickness,  and A and B are  the growth  ra te  constants.  
The major  difference be tween  the the rmal  n i t r ida t ion  
and the the rmal  oxida t ion  is that  the a s -g rown  the rmal  
n i t r ide  films have h igher  s t ruc ture  density,  so "self-  
l imi t ing"  g rowth  can easi ly  occur for the  t he rma l  n i t r i -  
da t ion  of the silicon surface in n i t rogen or ammonia  
ambient .  Al though  the growth  kinet ics  of the a s -g rown  
the rma l  n i t r ide  films are  not  ye t  clear,  this se l f - l imi t ing  
g rowth  p rope r ty  does become a unique advan tage  for  
some semiconductor  devices in which thin  insu la tor  
films wi th  high qua l i ty  and precise thickness a re  
needed. 

In  this  paper  an ana ly t ica l  model  for the the rmal  
n i t r ida t ion  of the  silicon surface has been developed 
to in t e rp re t  the  growth  kinet ics  of the a s -g rown the r -  
mal  n i t r ide  films at  different  n i t r ida t ion  t empera tu re .  
Expe r imen ta l  resul ts  of the  a s -g rown  the rma l  n i t r ide  
films using ammonia  gas for n i t r ida t ion  t empera tu re  
f rom 700 ~ to 1200~ are  given and compared  wi th  the  
deve loped  model. Based on compar i sons  be tween  the 
expe r imen ta l  resul ts  and the developed model,  the 
growth  ra te  constants  and character is t ic  pa rame te r s  
of the the rmal  n i t r ida t ion  in ammonia  gas have been 
first deduced.  Moreover ,  discussions and conclusions a re  
given. 

Growth Kinetics Model 
There  are  three  basic steps for the the rmal  n i t r ida -  

t ion of the  sil icon surface. Th~se steps can be easi ly  
unders tood f rom Fig. 1. Firs t ,  the  n i t r idan t  species must  
be t r anspor ted  f rom the bu lk  of the ammonia  gas to 
the the rmal  n i t r ide -gas  interface.  Second, the n i t r idan t  
species diffuse across the t he rma l  n i t r ide  film. Third,  
the n i t r idan t  species react  wi th  the sil icon surface. 
According to Fig.  1, the three  fluxes corresponding to 
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Fig. 1. Growth kinetics diagram of the thermal nitridation 

each step must  be equal  at  each boundary .  In  region 
( I ) ,  the n i t r idan t  flux F1 can be expressed  by  (7) 

FI  = hG(CG--  Cs) [1] 

where  CG is the  concentra t ion of the n i t r idan t  species 
in the  ammonia  ambient ,  Cs is the concentra t ion of the 
n i t r idan t  species at  the  t he rma l  n i t r ide -gas  interface,  
and hc is the mass - t r ans fe r  coefficient. 

If we assume tha t  Henry ' s  law is valid,  then the con- 
cent ra t ion  at  the outer  surface of the the rmal  n i t r ide  
Co is p ropor t iona l  to the pa r t i a l  pressure  of the ni-  
t r i dan t  species nex t  to the the rmal  n i t r ide  surface Ps, 
i.e., Co = HPs, where  H is the Henry  l aw constant .  
In  addit ion,  if we assume the equi l ib r ium concentra-  
t ion of the n i t r idan t  species in the bu lk  of the ammonia  
gas to be C*, then  C* can be r e l a t ed  to the  pa r t i a l  
pressure  of the  n i t r idan t  species P G b y  C* : HPG. Ac-  
cording to the  ideal  gas law, C~ --- PG/kBT and Cs - 
P s / k B T ,  we may  then rewr i t e  Eq. [1] as 

F,  -- h ( C *  -- Co) [2] 

where  h is the  gas phase mass - t r ans fe r  coefficient in 
te rms of concentrat ions in the solid, which  is given by  
h -~ h~ /HkBT .  

In region III, the reac t ion  ra te  at  the  n i t r ide-s i l icon  
interface,  which  is p ropor t iona l  to the concentra t ion of 
the  n i t r idan t  species at  the  in ter face  Ci, can be ex-  
pressed by  

F~ = ka Ct [3] 

where  ks is the chemical  sur face- reac t ion  ra te  constant  
for  the rmal  nitriclation. 

In  region lI,  the  flux of the n i t r idan t  species can be 
assumed to be a diffusive flux, and is expressed as 

t i C ( x )  
Y2(x) = --  D ~ - -  [4] 

d z  

where  DN is the diffusivi ty of the n i t r idan t  species in 
the the rmal  n i t r ide  film. 

According to the cont inui ty  equation, we define a 
character is t ic  t ime constant  TN for the n i t r idan t  species 
across the the rmal  ni t r ide.  We may  then wr i te  the 
continuity equation as 

- C (x,  t)  a c ( x , t )  = v . F 2 ( x )  + [5] 
0t ~ 

For  s teady  state, the diffusion equat ion for the  n i t r i -  
dant  species across the the rmal  n i t r ide  film can be 
wr i t t en  as 

deC(x)  C(x )  
- -  - 0 [ 6 ]  

dx 2 LN~ 

w h e r e  LN ---- (DN~N) 1/2 is the character is t ic  diffusion 
length  for the n i t r idan t  species across the  t he rma l  ni-  
t r ide  film. 

Using the  bounda ry  conditions at  x = 0 and Xo, i.e., 
C(0)  - -  Co and C ( X o )  -~ Ci, Eq. [6] can be easi ly 
solved. The resul t  is 

C i s i n h ( ~ - ~ ) + C o s i n h (  X~ ) 

C(X) = [7] 

sinh (~) 

Since the flux must be continuous at each boundary, 
i.e., F1 = F~(x --  0),  F~ --  F.~(X = Xo) = 

d C ( z )  l , the  concentra t ion  of the  ni-  
--DN d~ ~ x=zo 

tridant species at the thermal nitride-silicon inter- 
face can be expressed in terms of C*. The result is 
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Ci - -  
C* 

- - -~+ + 
LNh / \ LN / \ h / \ LN / 

[8] 

The flux of the  n i t r i dan t  species reaching the t he rma l  
n i t r ide-s i l i con  in ter face  is g iven by  

dXo 
N,  -- Fs -- F2(X -- Xo) -- k~Ci -- 

d t  
ksC* 

( ksLN DN k , ) c o s h ( L ~  ) 

[9] 

where  N1 is the number  of the n i t r idan t  species in-  
corpora ted  into a uni t  volume of the  t he rma l  ni tr ide.  

Solving Eq. [9J and assuming Xo = 0 for t - -  0 we 
obta in  

- -  Bt 

[10] 
where  A and B are  s epa ra t e ly  defined as 

A = [ii] 
( ksLN DN 

--5-j + -i-j ) 
2LN ks C* 

B --  [12] 
/ ksLs  DN ) 

Note tha t  Eq. [10] can be used to calcula te  Xo in 
t e rms  of t, and the resul t  is 

Z o --  

L N l n {  (2LN2"S Bt) + [ ( B t ) 2 +  LN2A2-{-4LN2B$]V" 2 + A L N  

[13] 

The g rowth  ra te  of the t he rma l  n i t r i de  is then wr i t t en  
a s  

dXo 
dt  

(9.I.,~ + Bt) + [ (Bt)2  + I.,N2A2 + 4LNeBQ'/, 

[14] 

There  are  two ex t reme  cases that  deserve  fu r the r  
discussion. In  the  case of Xo < <  LN, Eq. [10] can be 
simplif ied to 

Xo ~ + AXo = Bt [15] 

where  sinh (Xo/LN) _~ Xo/LN and cosh (Xo/LN) ~-- 1 - 
1/3 (Xo/LN) 2 are  used in Eq. [10] to ob ta in  Eq. [15]. 

F r o m  Eq. [15] i t  is c lear ly  seen that  when  Xo is very 
smal l  and  Xo < <  LN, the surface react ion g rowth  will  
be dominant ,  which is the  same as the  convent ional  oxi-  
da t ion  of the sil icon surface. In  this case, the  constant., 
A and B can be reduced  to the  convent ional  expres-  
sions, i.e., 

A = 2DN + [16: 

2DNC* 
B = ~ [17 

N, 

Simi lar ly ,  two d is t inguished regions can Also be 
classified. F r o m  Eq. [15J, when  Xo < <  A, we m a y  ob-  

B B 
ta in  Xo --  - - t  where  - -  is r e f e r r ed  to be the l inear  

,4 A 
ra te  constant;  when  Xo > >  A, we  obta in  Xo --  (Bt)  '/. 
where  B is the  parabol ic  ra te  constant .  Note tha t  Eq. 
[15] is val id  when the condit ion Xo < <  LN is satisfied, 
so the  parabol ic  re la t ionship  m a y  not  exis t  if  the diffu- 
sion length  is ve ry  short. 

In  the  case of Xo > >  LN, Eq. [10] or Eq. [13] can  
be simplif ied to 

Xo ---- LN In A [18] 

The growth rate in this case can be written as 

dXo LN 
[19] ,.--- ,. 

dt t 

It is clearly seen that the growth rate in this region 
is very small when the nitridation time is long and 
the diffusion length of the nitridant species across the 
thermal nitride layer is short. This region is called the 
"logarithmic region." Due to higher structure density 
of the  a s -g rown  the rmal  n i t r ide  films, the cha rac te r -  
istic diffusion length  is ve ry  small ,  so the  logar i thmic  
re la t ionship  can be easi ly  accomplished for  shor te r  ni -  
t r ida t ion  time. That  is why  the rmal  n i t r ida t ion  has the 
p r o p e r t y  of "se l f - l imi t ing"  growth.  Moreover ,  based on 
Eq. [19], the  character is t ic  diffusion length  of the  n i -  
t r idan t  species across the the rmal  n i t r ide  film can be 
deduced.  

A typical  p lot  of Eq. [13] is shown in Fig. 2 for 
reference.  I t  is c lear  tha t  A, B, and L~ can be deduced 
b y  match ing  Eq. [13] and the expe r imen ta l  da ta  if  
th ree  regions can be c lear ly  classified. 

Experimental Results and Discussion 
Silicon p - t y p e  < i 0 0 >  or ien ted  wafers  were  used as  

the s ta r t ing  mater ia ls .  Af te r  degreas ing  in an organic 
solvent  such as ACE and TCE, the  wafers  were  boi led  
in sulfur ic  and ni t r ic  acids. Before  loading into the  
quar tz  tube ,  the  c leaned wafers  were  d ipped into buf -  
fe red  hydrofluoric  acid for 1 rain in o rder  to remove the 
nat ive  oxide  on the silicon surface, and  then were  
r insed in de ionized  water .  The wafers  were  kep t  d r y  
using a n i t rogen gun, and immed ia t e ly  loaded into the 
p repu rged  quar tz  tube for n i t r ida t ion .  Dur ing  the n i -  
t r idat ion,  the  flow ra t e  of ammonia  gas was kep t  at 

x = 

LU 
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Fig. 2. Typical nitridation time dependence of the as-grown 
thermal nitride film thickness. 
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Fig. 3. Comparisons between the growth rate data of the as- 
grown thermal nitride films and the theoretical model. 

film ra ther  than due to the surface reaction between 
the n i t r idan t  species and the silicon surface. F rom the 
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Fig. 4. The measured linear growth rate constant of the as- 
grown thermal nitride films as a function of the inverse tempera- 
ture. 

about 400 cmS/min. The thickness of the fabricated 
thermal  ni t r ide films were measured by an ellipsometer. 
Figure 3 shows the thickness of the as-grown thermal  
ni t r ide films as a funct ion of ni t r idat ion t ime in  ammo- 
nia  gas for ni t r idat ion tempera ture  from 700 ~ to 1200~ 
which indicates an ini t ial  rapid growth followed by  an 
inhibi ted growth. Comparisons between the experi-  
menta l  data and the developed model are  also shown in  
Fig. 3 and the parameters  used are listed in  Table I. It  
is clearly seen that good agreement  between the experi-  
menta l  results and the theoretical calculations is ob-  
tained. Moreover, the characteristic diffusion length of 
the n i t r idan t  species across the thermal  ni t r ide film is 
shown to be smaller than 10A for the ni t r idat ion tem-  
perature  below 1200~ Figure 4 shows the l inear  rate 
constant B/A as a function of the inverse temperature,  
which gives the activation energy of about 1.286 eV. 
Note that  the activation energy of the l inear  rate con- 
stant  for the thermal  n i t r ida t ion  is much smaller  than  
that of the thermal  oxidation (Ea = 2.0 eV for dry O2 
oxidation).  The main  reason for smaller  act ivation en-  
ergy dur ing the ini t ia l  n i t r idat ion is ma in ly  due to slow 
surface reaction between the n i t r idan t  species and the 
silicon surface. Similarly,  the parabolic rate constant  
B as a funct ion of the inverse tempera ture  is shown 
in Fig. 5, in which the activation energy is estimated to 
be about 1.546 eV. Figure 6 shows the characteristic dif-  
fusion length as a function of the inverse temperature  
which gives the activation energy of about 0.181 eV. I t  
is clearly visualized that  the logarithmic region of the 
thermal  ni t r ide growth is main ly  due to the l imited dif- 
fusion of the n i t r idan t  species across the thermal  n i t r ide  

Table I. The characteristic parameters used to calculate the 
theoretical curves shown in Fig. 3 
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Fig. 5. The measured parabolic growth rate constant of the as- 
grown thermal nitride films as a function of the inverse tempera- 
ture. 

I0 
8 o~ 

3=0 
i "  

g 
Z 
O 2 

o~ o~ o~ o~ o~ 
~- ~ ~ a~ o~ 

i i 

I ] 1 I I 0.19 j 0 
0,65 0.7 0,75 0.8 0.85 (295 I. 1,05 

INVERSE TEMPERATURE,  10001T(~  - I )  

Fig. 6. The measured characteristic diffusion length of the 
nltridant species across the as-grown thermal nitride films as a 
function of the inverse temperature. 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 140.113.38.11Downloaded on 2014-04-28 to IP 

http://ecsdl.org/site/terms_use


Vol. 129, No. 7 SILICON THERMAL N I T R I D A T I O N  1563 

estimated activation energy, we may conclude that the 
reaction between the silicon wafer and the ammonia  gas 
is slow and the as-grown thermal  ni t r ide films do have 
higher s tructure density than that of the thermal ly  
grown silicon dioxide. 

Conclusions 
An analytical  model for the growth kinetics of silicon 

thermal  ni t r idat ion has been developed and compared 
to the exper imental  data. The characteristic parameters  
of silicon ni t r idat ion in ammonia  gas, such as the l inear  
rate constant, the parabolic rate constant, and the dif- 
fusion length of the n i t r idant  species across the thermal  
ni t r ide film, have been deduced and characterized. It  
has been shown that  the diffusion length of the n i t r i -  
dant  species across the thermal  ni t r ide film is smaller 
than 10A when the ni t r idat ion temperature  is below 
1200~ In addition, the self- l imit ing growth property 
of the silicon thermal  ni t r idat ion in ni t rogen or ammo- 
nia is shown main ly  due to the shorter characteristic 
diffusion length of the n i t r idant  species across the as- 
grown thermal  ni tr ide films which have higher struc- 
ture density. 
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ABSTRACT 

The electrical and optical properties of p-type Ge and St-doped Ga, ~Al~As (x - 0.39-0.42) layers grown by liquid 
phase epitaxy in an He ambient have been investigated as a function of the atom fraction of Si in the melt, Xsi. For Xsi 
in the range 1.5 x 10 -5 to 1.5 x 10 -2 the hole concentration at room temperature is relatively unaffected while the hole 
mobility decreases monotonically with addition of St, suggesting close compensation of Si species. As a result, in the 
low temperature photoluminescent spectra, the pair transition via the shallow Si acceptors is quenched relative to that 
via the deep GeAs centers. For Xsi < 5 x 10 -5, adding 0.9 ppm 02 to the growth ambient decreases the compensation 
due to the removal of the background S donor, and thereby increases the hole concentration by a factor of 2• and 
enhances the pair transition via the Si aeceptors as well. The addition of 02 during LPE growth is not, however, 
always practical as it has been found to affect the uniformity of thin epitaxial layers. 

German ium (I) is f requent ly  used as a p- type dopant 
in the Gal-zAlzAs (x ,~ 0.40) cladding layer  of the 
GaAs- (GaAI)As  double heterostructure (DH) grown 
by liquid phase epitaxy (LPE) for the fabrication of in-  
jection lasers, and is preferred over other aceeptor dop- 
ants like Be, Zn, or Cd which have either hazardous 
properties (Be), high diffusivity (Zn) (2), or low solu- 
bility (Cd) (3). The use of Ge is, however, not without 
its problems. High conductivity in the p-cladding layer 
is often desired for efficient confinement of carriers in 
the lasing active region and for reduced temperature 
dependence of the current threshold (4, 5). Increasing 
the Ge doping level to achieve high conductivities in 
the ternary decreases the aluminum segregation coeffi- 
cient and radiative efficiency (6). Another approach to 
increase the conductivity would be to add a second ac- 
ceptor dopant in the layer with Ge. Silicon might be 
thought to be a good candidate for this purpose since it 
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tions. 

has been reported to be a p- type dopant for growth 
under  LPE conditions at temperatures  below 800~ (7); 
it gives rise to a shallower acceptor level than Ge (8) 
and its segregation coefficient in (GaAl)As is at least 
an order of magni tude  higher than  Ge (6, 7). In  this 
paper we report  the results of adding varying  amounts  
of Si in the range 10 -4 to 1.5 atomic percent  (a/o) to 
the LPE growth solution containing 5.5 X 10 - I  a /o of 
Ge and 2 X l0 - I  a/o of Al (for x ~ 0.4 in the solid). 
We find that addition of Si does not result  in increased 
conductivi ty indicating that St, which is amphoteric, is 
closely self-compensated in the solid under  our  growth 
conditions. This compensation also manifests itself in 
reduced low tempera ture  photoluminescent  intensit ies 
of pair  transit ions involving Si acceptors, relat ive to 
those involving Ge. An  increase in  the conductivi ty by 
a factor of 2-3 is observed when small  amounts  of O2 
are added to the general ly used He growth ambient ,  for 
Si doping less than 5 X I0 -3 a/o. However, the use of 
O~ dur ing LPE growth of (GaAl)As DH structures is 
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