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Low-Frequency Noise in Polysilicon 
Emitter Bipolar Transistors 

H. A. W. Markus and T. G. M. Kleinpenning 

Abstract-The low-frequency noise in polysilicon emitter bipo- 
lar transistors is investigated. lkansistors with various geometries 
and various properties of the oxide layer at the monosilicon 
polysilicon interface are studied. The main llf noise source 
proved to be located in the oxide layer. This source causes both 
llf noise in the base current S I ,  and llf noise in the emitter 
series resistance Sre. The magnitude of the llf noise source 
depends on the properties of the oxide layer. The llf noise is 
ascribed to barrier height fluctuations of the oxide layer resulting 
in transparency fluctuations for both minority and majority 
carriers in the emitter, giving rise to SI, and S,,, respectively. 
It is also shown that a low transparency of the oxide layer also 
reduces the contribution of mobility fluctuations to SI , .  

I. INTRODUCTION 
N most recent papers the l l f  noise in bipolar junction I transistors (BJT) with a conventional emitter is mainly 

discussed in terms of mobility fluctuations. The llf noise 
in BJTs has been interpreted in terms of two llf noise 
current generators: SI,  between emitter and base, and  SI^ 
between emitter and collector. In practical cases the base- 
collector junction is reverse biased, so that the leakage base- 
collector current is small and its noise negligible. Recently, 
Kleinpenning [ 11 derived formulas for the low-frequency noise 
in BJTs incorporating the noise sources present in the parasitic 
series resistances. 

Several authors have studied the low-frequency noise in 
polysilicon emitter BJTs [ 11-[6]. The low-frequency noise 
always consists of white shot noise and llf noise. Sometimes 
burst noise is observed. Kleinpenning [ l ]  found that the llf 
noise was located in the base current 5'1, and that its spectral 
density was proportional to the base current IB . He interpreted 
the llf noise in terms of mobility fluctuations. Pong-Fei Lu [2] 
also found the llf noise to be located in the base current, but 
he found SI, - I;. Pawlikiewicz et al. [3] found SI, - I; 
at higher currents and SI, - IB at lower currents. Siabi- 
Shahrivar et al. [4] and Mounib et al. [5] showed that the 
llf noise is strongly related to the surface treatment prior 
to polysilicon deposition. Wai Shing Lau et al. [6] found 
SI,  N I;. They suggested that transparency fluctuations of the 
oxide layer, present at the monosilicon-polysilicon interface, 
or two-step tunnelling via traps in the oxide is responsible for 
the observed llf noise. However, they did not give a detailed 
quantitative analysis. 

This paper will deal with the location of the main llf 
noise source in polysilicon emitter BJTs with an oxide layer 
at the monosilicon-polysilicon interface. A model based on 
transparency fluctuations of the oxide layer, that can describe 
this noise source, will be presented. By means of this model, it 
will be shown that the contribution of the mobility fluctuations 
to SI, is overrun by transparency fluctuations. 

11. EXPERIMENTAL RESULTS 

A. Devices 

The transistors are made by Philips Electronics. Transistors 
from 7 wafers were studied. On each wafer a set of tran- 
sistors with various geometries is present. The length of the 
emitter (perpendicular to the base current) is in the range 
of 0.8 pm < L < 100 pm, and its width (parallel to the base 
current) in the range of 0.3 pm < W < 100 pm. For transistors 
from four wafers a HF dip is used to produce a native 
oxide layer at the polysilicon-monosilicon interface with an 
estimated thickness in the range of 10-15 A. This native layer 
was removed from the other three wafers by a HF/H20 vapor 
etch in a cluster tool and, subsequently, a new layer was 
thermally grown with different oxidation times. The average 
thicknesses of the oxide layers given by the manufacturer are 
3.8 A, 7.5 A and 8 A, respectively. The emitter drive-in is a 
furnace anneal at 1173 K during 30 minutes. The top-doping 
of the emitter of all transistors is estimated to be 1020cm-3. 
The junction depth is in the range of 57-71 nm. Only n-p-n 
type transistors made with this process were available. 

B. I-V Characteristics 
Fig. 1 shows a typical I-V curve of the base and collector 

current versus VBE at VCB = 3 V. The ideality factor for the 
base and collector current is 1 .  The current gain /3 collapses for 
high currents, which is ascribed to high injection in the base. 
Current crowding is negligible in the studied current range. 

With the help of white noise measurements in common- 
collector configuration [l], we found the values of 4kT(r, + 
T& ). From the deviation of the exponential behaviour of the I-V 
characteristics, we found IET,  + It,rb. Hence, the values of the 
emitter series resistance T,  and the internal base resistance Tb 

can be determined. The values found for ~b agree well with the 
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Fig. 1 .  The I-V curves of a polysilicon emitter bipolar transistor with an 
emitter area of 0.3 x 48 p n 2 .  The grown oxide-layer thickness is 8 A. 
VCB = 3 v. 

injection. However, an important part of the base resistance 
is formed by the resistance between the base contacts and 
the emitter edge. As a result we expect the base resistance 
to be only weakly bias dependent in the studied current 
range. Our experimentally obtained I-V characteristic can be 
interpreted satisfactorily with a constant base resistance. The 
value of T ,  depends on the emitter geometry and the oxide 
thickness, so it is obvious that the tunnel resistance of the 
oxide layer is an important part of the total emitter resistance. 
The experimentally observed product of the emitter series 
resistance times the emitter area, T,AE, is in the range of 
40 0pm2 - 160 0pm2.  In the studied current range the voltage 
across the oxide layer (< 100 mV in the studied current range) 
was much smaller than the effective barrier height (0.6 V), 
so the part of the emitter series resistance due to tunneling is 
assumed to be ohmic. 

C. Noise Measurements 

We made the noise measurements by putting the transistor 
in a circuit as shown in Fig. 2. The internal series resistances 
are given by T,, T b ,  and T,  respectively. Three external metal 
film resistors RB,  R c ,  and RE can be inserted which only 
have Nyquist noise (4kTR). According to Kleinpenning [ 11, 
the llf voltage noise across RE and Rc can be written as 

(Z/RE)'sVE = [TT - p ( T b  + RB)I2SIb 
+ [T, + T b  + R B ] ' ~ I ~  
+ (p  + 1)2[' isTb + IgsTe] 

+ p 2 [ ' i s T b  + ' g s T e ]  (2) 

(1) 
( Z / R C ) ~ S V ,  = p 2 [ T b  + RB + T e  + R E ] ~ ~ I ,  

+ [T, + Tb + RB + T,  + RE]'SI~ 

with 

Z = T b  + RB + T,  + (p+  I ) ( T e  -I- R E )  (3) 
T, = d K e / d I B  (4) 
p = d I c / d I B  = gmc ' T,. ( 5 )  

I 
I 
I 
I 
I - - - -  

1 I 

Fig. 2. AC noise measurement circuit. 

Here, gmc represents the collector transconductance, p the 
current amplification factor, and T, the junction differential 
resistance of the intrinsic transistor. v b ,  is the voltage drop 
across the emitter-base junction. SI, and SI= represent the llf 
current noise spectral density at constant V b ,  in the base and 
collector currents, respectively. The series resistances T ,  and 
Tb can have llf resistance noise. Their spectral densities are 
represented by STe and Srb, respectively. The Early effect was 
ignored in the derivation of (1) and (2). This is permissible 
since IC was found to be almost independent of VCB at 

In order to locate and characterize the llf noise sources, we 
carried out our measurements in both a common-emitter (C-E) 
configuration and a common-collector (C-C) configuration at 
various biasing conditions. 

In the C-C configuration we took RE >> T,,  T b ,  T,, RB, so 
that Z / R E  = ,6 + 1 ,  and Rc = 0. Thus, (1) simplifies to 

VCB > 1 v. 

gk,sVE = [ I  - g m c ( T b  + R B ) ] 2 S I b  + [I + ( T b  + RB)/T7rI2 
. SIc + gLe[1isT, + 1 3 T e ] .  (6)  

Here, gme = (p  + 1 ) / ~ ,  = d I ~ / d & ,  is the emitter 
transconductance of the intrinsic transistor. 

In the C-E configuration we put RE = 0, RB >> 
T b ,  T,, (p  + l ) ~ , ,  and Rc = 1000, so that Z = R B .  Then, 
(2 )  reduces to 

s v C / R &  = p 2 s I b  + + (P/RB)2[IiSTb + I i S T e ] .  (7) 

The noise measurements were performed in the current 
ranges 0.1pA 5 IB 5 100pA and 10pA 5 IC 5 10mA. 
In these current ranges the input resistance T, = k T / q l ~  
varies from 250 0 to 250 k0, the collector transconductance 
gmc = qIc/lcT from 4-10-4 0-l to 0 . 4 W 1 ,  and the emitter 
transconductance gme = gmc + 1 / ~ ,  from 4.10-402-1 to 
0.4 a-'. These parameters, being the parameters of the tran- 
sistor without series resistances, are different from those of the 
complete transistor that are defined by dVBE/dIB, dIc/dVBE 

Spectral noise densities were measured from 1 Hz to 100 
kHz. All devices showed llf noise. The llf spectral density 
was observed over at least one decade of frequency, but 
depending on emitter geometry and current reaching up to 5 
decades of frequency. Using (6) and (7), we can determine the 
location of the dominant noise sources. In (6) both SI, and SI= 
have a prefactor of 1 at low currents, where g m c ( T b + R B )  << 1 
and ( T b +  R B ) / ~ ,  << 1. However in (7) the contribution of SI, 
only is amplified by a factor p2. In (6)  the noise contribution 

and dIE/dVBE, respectively, With VBE = 6, + IBTb + IET,.  

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on July 08,2010 at 10:54:54 UTC from IEEE Xplore.  Restrictions apply. 



IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 42, NO. 4, APRIL 1995 

- 
s 
;;j 10 - e -10 

h - 
N 

- 1 1  
r4 e 10 - 
T= 
m- 

-12 
10 - 

4 

Fig. 3. 
various emitter areas. 

SI ,  versus I B  for transistors with 7, 5 8, grown oxide layer and 

of the series resistances S,, and Sre is amplified by a factor 
p2, whereas in (7) it is only amplified by ( /3/RB)2.  Hence, by 
measuring both in the C-E and C-C configuration at various 
values of Veb and RB, one can decide whether SI,  or SI=,  
or the contribution of the series resistances is dominant. Our 
measurements revealed that SI, and Sre are dominant. 

In Fig. 3 some typical plots are presented of the spectral 
density of the base current l l f  noise SI, at 1 Hz versus IB. 
The results presented were obtained from transistors with a 
grown oxide layer of 7.5 8, and various emitter areas. One 
can observe that SI,  - I;. Only the transistors with a large 
emitter area show a deviation from this square law at low 
currents. 

In Fig. 4 the relative noise S I , / I ~  from the same devices 
is plotted versus the emitter area AE.  One can observe that 

In Fig. 5 the relative noise SI,  /I :  from the transistors with 
grown oxide layers and an emitter area of 8.8 x 48pm2 is 
plotted versus the oxide thickness. One can observe a clear 
influence of the oxide layer thickness on the llf base current 
noise. 

The contribution of resistance fluctuations of the parasitic 
emitter and base resistance can be measured in the C-C con- 
figuration. By taking RB = 0 we can approximate expression 
(6) for high currents, where IC >> kT/qrb, by 

SI,/I; - A i 1 .  

For transistors with a small emitter area, the SV, measured 
was up to 3 orders of magnitude higher than rzSIb. Here, 
the values of SI, were used that were measured in the 
C-E configuration. So, at high currents SV, is determined 
either by base resistance fluctuations or by emitter resistance 
fluctuations. In Section IV we will discuss this in more detail. 

-131 , , , , , 
10 

0.1 I I O  io2 10' 10' 

A, (P") 

Fig. 4. SI,/I; versus AE of all transistors with 7, 5 8, grown oxide layer. 
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Fig. 5. 
layers of 3.8 A, 7.5 A and 8 8, and an emitter area of 8.8 x 48 pm2. 

SI , / I ;  versus the oxide thickness for transistors with grown oxide 

111. THEORETICAL MODEL 

A. General Remarks 

Suppose one finds 5'1, - I! experimentally. If the current 
density, J B ,  is homogeneously distributed over the emitter 
area and the noise sources are also homogeneously distributed 
over the emitter area and are spatially uncorrelated, then one 
can derive the following spectral nojse density of JB [7]: 

sJ ,  - J! = ( I B / A E ) ~  

ST, - AESJ,  = I; . A;-,-". 

which leads to 

(9) 

We found SI, - I; experimentally (see Fig. 3). As a 
result (9) predicts SIb/I; - A i 1  which agrees well with 
our experiments (see Fig. 4). This is a strong indication for 
homogeneously distributed 11 f noise sources. 

In conventional p-n junctions the llf noise can be inter- 
preted in terms of mobility fluctuations. The mobility fluctua- 
tion model [8] predicts a linear relationship between SI, and 
IB .  However, we found SI,  N I:. As a consequence, our 
results cannot be explained in terms of mobility fluctuations 

I 1 
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only. A new model for SI, - I: will be presented in Section 

In Fig. 3 we observe deviations from the square law for the 
larger emitter areas at small currents. In this region SI,  seems 
to be proportional to IB ,  so that mobility fluctuations might 
be the dominant noise source here. In Section III.D, a relation 
will be derived for the contribution of mobility fluctuations to 
SI,, taking into account the influence of the oxide layer at the 
polysilicon-monosilicon interface. 

A linear relation between SI, and IB can also be found 
when the ideal base current dominates the base current and 
the non-ideal base current (with ideality factor 2) dominates 
the 1/ f noise, provided that the 1/ f noise is proportional to the 
non-ideal base current squared. Such a quadratic dependence 
is not predicted by the mobility fluctuation model. 

111-B . 

B. Transparency Fluctuation Model 

One of the l/f noise model predicting SI - I 2  is the 
tunnel diode model proposed by Kleinpenning [9], [ 101. He 
assumed that the Nyquist noise of the insulator layer modulates 
the barrier height and hence the tunneling probability, or 
transparency, of carriers. He derived the following relation 
for the relative noise in the transparency, that is valid for a 
biasing voltage much lower than the effective barrier height. 

(10) 
S, - 2mqkTL2Re(Z) tan S 
- -  with Re(2)  = - 
t 2  3V,h2 2TfC' 

Here, t is the transparency of the oxide layer, m the effective 
mass of the carrier, T the temperature, L the thickness of the 
oxide layer, Vi the barrier height, C the capacitance of the 
oxide layer, Re(2)  the real part of the impedance of the layer, 
and tan 6 the loss factor of the oxide. 

Fluctuations of the barrier height of the oxide at the 
polysilicon-monosilicon interface results in fluctuations of 
the transparency of the barrier for the holes injected in the 
emitter, and so in base current fluctuations. 

The following calculation yields the relation between the 
relative noise in the transparency, given by (lo), and the rela- 
tive noise in the short circuit base current. In Fig. 6 a schematic 
plot is given of the emitter structure of a polysilicon emitter, 
where we can distinguish the monocrystalline layer, the oxide 
layer, the polysilicon layer, and a metal contact. The minority 
carrier concentration in the monosilicon and polysilicon layer 
is also depicted. Here, we neglect carrier recombination in 
the monocrystalline and polycrystalline layer. This is allowed 
provided that WL/2Dm << rm and W,/2Dp << rP, with 
7, and T~ being the hole lifetime in the monosilicon and 
polysilicon layer, respectively, and provided that sox >> 

sm being the hole recombination velocity Of the oxide layer 
and the metal, respectively. Furthermore, we assume a uniform 
doping within the emitter. The current can then be calculated 
from the following equations 

Wm/Tm, S m  >> Wm/Tm, and S ,  >> Wp/Tp, with ~ o x p  and 

monosilicon layer: I = -qAEDmdp(x)/dz (1  1) 
polysilicon layer: I = -qAEDpdp(x)/dx (12) 

metal contact: I = qAEsmb(Z3) - P O p ] .  (13) 

- 
v X mono- po!y- metal 
R base silicon oxide silicon contact 

723 

0 XI *2 

Fig. 6. 
tration p(i). 

Schematic picture of the polysilicon emitter with the hole concen- 

Here, Dm is the diffusivity of holes in the monosilicon layer, 
Dp the diffusivity of holes in the polysilicon layer, and pop 
the equilibrium hole concentration at 11: = 23. The minority 
carrier tunneling current through the oxide barrier is given by 
the following relation [ 111 

Here, m; is the effective mass of holes in the oxide, t, is 
the tunneling probability or transparency for holes and V the 
voltage across the barrier. 

For intermediate emitter currents where V << kT/q, (14) 
can be approximated by 

(15) 

Here, soZp is the oxide recombination velocity of holes 

I = qAESoxp[P(21) - P ( ~ z ) ] .  

given by 

Solving (11)-(13) and (15) for I yields 

qAb(0) - POP1 with 1 1 Wm Wp -+-+-+- 
soxp sm Dm Dp 

I =  

Here, 1zi is the intrinsic carrier concentration in the emitter, 
and NE the emitter dopant concentration. 

Now, we can calculate the contribution of the fluctuations 
in the oxide recombination velocity to the current fluctuations 
in the base current. Since, AI, = (dI /ds ,xp)As ,xp ,  we find 

From (10) and (16) it follows that 
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h in the barrier height of the oxide. Another explanation for the 
llf noise generated in the oxide layer is proposed by Kumar 

I 

constants dependent on the depth of the traps in oxide. Very 
specific requirements with respect to the trap distribution have 
to be met in order to obtain a llf spectrum. The current 

Fig. 7. 
the oxide recombination velocity sol. ,,. Simulation of the base current density J B  at vb, = 0.6 v versus 

dependence is SI - 1'. Application of this theory also yields 
reasonable results. Both theories predict a different dependence 
on the oxide layer thickness. However, the range of oxide 
layer thicknesses of our transistors is too small to distinguish 
between both theories. 

D. Mobility Fluctuations 

SI, is calculated to be 
In the appendix the contribution of mobility fluctuations to 

\Dm ' ~p ' sox ' sm/  

Here, am and ap are the Hooge parameters of the monosil- 

From the expressions (11)-(13) and (15), we can find the 
icon and polysilicon, respectively. 

ratios p(O)/p(zl) and p(z3)/p(z2) for qQe >> kT being 

Iv.  DISCUSSION OF NOISE RESULTS 

With the aid of (21) and (22) we are able to calculate 
the contribution of mobility fluctuations. For highly doped 
(10" ~ m - ~ )  silicon the diffusivity of holes is around 1 cm2/s. 
The surface recombination velocity at the metal contact is in 
the order of lo5 cm/s. The hole recombination velocity at the 
oxide layer depends on its thickness. For a thickness of 7.5 
8,-8 8, we take [13] soxp x 3 .  104cm/s and for 3.8 8, we take 
soXp  x 8 .  104cm/s. We use W, x Wp x 0.1pm. 

With am = ap = a, at f = 1 Hz we obtain SI, x 
3 .  1 0 - " a I ~  for the total mobility fluctuation contribution. If 
we ascribe the deviations from the square law at low currents 

in Fig. 3 to mobility fluctuations, we obtain Q values in the 
range of to These values are quite low. With the 
values of s o Z p  used here, the conditions s o x p  >> Wm/rm,  
and soxp  >> W p / t a u p ,  that were used in the derivation of 
(17) and (21), are not entirely met. However, a numerical 
simulation of the base current density, J B ,  as a function of the 
oxide recombination velocity sox using a reasonable doping 
profile, given in Fig. 7, proved that recombination of holes 
in the emitter becomes the dominant current contribution for 
s o x p  < 104cm/s. Hence, if no great accuracy is required, 
application of (17) and (21) is permissible for s o x p  > lo4 cm/s 
and thus for oxide layers with a thickness of less than 13 8, 

From (17) it is obvious that the oxide recombination velocity 
soxp  is the current limiting factor, provided that soxp << 
S m ,  Dm/Wm, Dp/Wp. In that case the influence of the mo- 
bility on the base current is weak. As a result, the llf noise 
caused by fluctuations in the mobility, which is found in the 
base current, is reduced. The contribution of transparency fluc- 
tuations can be calculated with (18). Using the data previously 
mentioned, we find SI,/I; x 0.3. SBOz / s 2 x p  = 0.3 . St,/t2 
for 1.5 8,-8 8, oxide layer thickness and SI, / I ;  x 0.1. Stp Itp 
for 3.8 8, thickness. With (10) we can calculate the loss factor 
tan S using V O ~  = l . l V ,  and m: = 0.42m0, where mo is 
the electron rest mass. The capacitance of the oxide layer is 
given by 

~ 3 1 .  

3 

C = E A E / L .  

By applying this to the experimental data at high currents, 
presented in Fig. 5, we obtain values for tan S. We find tan 6 
to be 4 for the transistors with 3.8 8, oxide layer, and 0.6 for 
transistors with 7.5 8, and 8 8, oxide layer. These values are 
rather high compared to the values reported in literature, that 
are of the order of for quartz. However, the latter data 
are taken from bulk oxide material, whereas the oxide layers 
in our transistors only have thicknesses of a few atom layers. 
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Moreover, the thickness and structure of the layer may not be 
completely uniform over the emitter area and the layer may 
even be interrupted at some spots, causing difficulty in the 
evaluation of (10). 

In the derivation of (10) image force was neglected. How- 
ever, the image force reduces the effective barrier height 
significantly for very thin oxide layers, causing an increase 
in the llf noise. Thus, neglecting the image force leads to an 
overestimate of the tan S. 

In Section 1I.C we mentioned that the llf noise, measured in 
the C-C configuration at high currents, was either ascribed to 
base resistance fluctuations or emitter resistance fluctuations. 
The contribution of emitter resistance fluctuations is claimed 
to be dominant for two reasons. 

1) With only base resistance fluctuations we find the Hooge 
to 

2)  SV, depends on the oxide layer thickness at the 
polysilicon-monosilicon interface. S,, is independent 
of the oxide thickness. 

The emitter series resistance consists of three parts, a part 
located in the monosilicon (T,), in the oxide layer (T,,), and 
in the polysilicon layer ( T ~ ) ,  thus 

llf noise parameter a to be in the range of 
which is quite high. 

T,  T, -k TO, + T p .  (23) 

The same holds for the llf noise. 

The contribution of the llf noise stemming from the 
monosilicon region was calculated using the Hooge relation 
~ 4 1 .  

S,_ = ar%/fN,. (25) 

Here, N,  is the total number of majority carriers in the 
monosilicon region. 

De Graaff et al. [15] studied the llf noise in polysilicon 
resistors with a dopant concentration in the range of 1015 cm-3 
to lo2' ~ m - ~ .  Their theoretical model has been improved by 
Luo et al. [ 161. They derived the following relation for the llf 
noise generated in the grain boundaries of the polysilicon. 

Here,  ne^ is the effective number of large-barrier grains 
in the conduction path, v, the emission velocity over a grain 
boundary barrier, given by ( k T / 2 ~ m * ) ~ / ~ ,  Ud the diffusion 
velocity, d the depletion layer width, a the Hooge parameter, 
A the the cross section of the polysilicon material, and Cpg 

the grain boundary barrier height. For a dopant concentration 
of lo2' cm-3 De Graaff et al. [15] found a barrier height C ~ B  
of approximately 10 mV. They took Vd M 2 ~ r  = 1/4vthermal. 
Applying (26) to the experiments of De Graaff et al. [ 151 yields 
an a value in the order of . (N/Neff), with N being the 
total number of grain boundaries in the conduction path. If we 
ascribe the measured noise in the emitter series resistance to 

lo-", t 

- L  / .' 

native oxide 
A, = 0.3 x 48 p m  

'.. . grown oxide 7.5p 
A E = 3 . 8 x 3 p m  

Io-y  
S,JI; ( ~ i ' ) a t  I HZ 

Fig. 8. SI , / I ;  versus S,, / T :  for various oxide layer properties. 

the polysilicon region and apply (26), we obtain a values in 
the order of . N,R. With a grain thickness of roughly 
0.1 pm we get a value for N of about 5, and  ne^ 5 5, which 
leads to a discrepancy between our results and those of [15]. 

If we ascribe the measured llf noise to the monosilicon 
region only and apply (25), we obtain a values in the range 
0.15 cy 5 1, which are very high. In all probability the primary 
llf noise source is located in the oxide layer. 

In order to verify whether the measured llf noise in 
the emitter series resistance can be ascribed to transparency 
fluctuations as predicted by our model (20), we plotted Sre / T %  

versus 5'1JIg for transistors with various oxide layer prop- 
erties. Both S r , / ~ 2  given by (20) and SI,/I; given by (18) 
are proportional to the relative noise in the transparency. As a 
result the plot of Sre / T :  versus SI,  /I; has to be linear. The 
plot is given in Fig. 8. We observe that the plot is indeed linear. 

A few remarks should be made. 
1) S r e / ~ 2  is about factor 10 higher than S I , / I ~ .  

This can be ascribed, first of all, to the prefactor 
(dln IB/dln s , , ~ ) ~  in (18), previously calculated to be 
0.3 for the transistors presented in Fig. 8. Secondly, 
the effective oxide barrier height for holes (1.1 eV) 
is higher than for electrons (0.6 eV). From (10) we 
conclude that St, /tE is smaller than Stn /ti. 

2) We note that the factor (dlnIB/dlns,,p)2 in (18) 
depends on s,,~. Consequently, the plot in Fig. 8 is 
only expected to be linear for transistors with nearly 
the same value of s o Z p ,  and thus for transistors with 
approximately the same oxide layer thickness. Since the 
emitter series resistance of the transistors presented in 
Fig. 8 have the same order of magnitude, it is assumed 
that all have about the same oxide layer thickness of 
nearby 8 A. 

3)  Application of (20) is permissible provided that T,  is 
determined by T ~ , .  Therefore, we have to certify that 
this condition is satisfied. In the monosilicon region 
T,AE = p,W, is of the order of 10-1 0pm2.  Here, 
pm is the resistivity of the monosilicon. The prod- 
uct T ~ A E  of the polysilicon region under low biasing 

I I I . "  
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conditions (i.e. V, << S T / q  where V, is the voltage 
across a grain boundary) is given by [16] 

Here, n(d) denotes the electron density in the quasi-neutral 
regions. 

By substituting the values mentioned previously, we obtain 
a value for T,AE of the order of 1 0 - 1  . Neff Rpm2. 

Comparison of both r m A ~  and rpAE with the values 
measured in the range of 43 Rpm2- 160 Rpm2 reveals that 
re x ro2. Hence, the emitter resistance is determined by the 
tunnel resistance and Sr , , / r~ ,  x Sr,/r,". 

V. STRESS EXPERIMENTS 

emitter-base junction leads to an increase in the non-ideal base 

generated in the emitter-base junction. Thus, when we apply 
a reverse bias to the transistors studied here, we only expect 
the noise produced in the emitter-base junction to increase. 
The noise produced in the oxide layer at the monosilicon- 
polysilicon interface should not change since the stress is 
applied to the emitter-base junction only. In Fig. 9 the noise 
in the base current SI, is plotted versus I,, measured after 
different stress conditions. We observe that only the branch of 

Application of a sufficiently high reverse bias voltage to a I, (A) 

Fig. 9. S I ,  versus IB for a transistor with a 7, 5 8, grown oxide layer and 
current. this leads to an increase in the noise an emitter area of 100 x 100 pm2 measured without Stress (D), and after 30 

min. stress at 4 v (C), 6 v (B), and 7 V (A). 
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the curves proportional to I ,  increases, whereas the branch 
of the curves proportional to 1: is unchanged. These results 
confirm the existence of two different noise sources involved 
in the generation of SI,. The fact that application of stress 
does not affect the branch of SI, proportional to I: agrees 
with our model. 

VI. CONCLUSIONS 
The llf noise of the polysilicon emitter bipolar transis- 

tors investigated in this study stems from noise in the base 
current SI, and noise in the emitter series resistance Sre .  
By considering the l/f noise in SI,  as a function of the 
emitter geometry, we found that its llf noise sources are 
homogeneously distributed over the emitter area. The llf noise 
in SI, and in Sre increases with the thickness of the oxide 
layer present at the monosilicon-polysilicon interface. Grown 
oxide layers show less noise in both SI, and STe than native 
oxide layers. 

The l/f noise in SI, can be explained in terms of trans- 
parency fluctuations, due to barrier height fluctuations of the 
oxide layer barrier at the polysilicon-monosilicon interface. 
These transparency fluctuations also cause the llf noise in 
the emitter series resistance. Strong support for our model can 
be found in the fact that both SI, and STe have the same 
dependence on the oxide layer properties. 

Due to the low transparency of the oxide layer, the base 
current is almost independent of the diffusivity of minority 
carriers in the emitter. Thus the contribution of diffusivity 
(mobility) fluctuations to SI, in the monosilicon region and 
the polysilicon region is reduced. 

APPENDIX 
RELATION FOR THE CONTRIBUTION 

OF MOBILITY FLUCTUATIONS TO SI,  
By means of (1 1)-( 15) the current fluctuations around the 

steady-state due to diffusivity fluctuations are found to be 

and thus 

. [ A P ( Z 3 ,  t )  - A P ( Z 2 ,  t)l. (A51 

If the junction is short circuited, p ( 0 )  does not fluctuate, 
thus Ap(0, t) = 0. With the help of (A2) the fluctuation 
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Ap(z3, t )  in (A5) can be expressed in terms of AI@). With 
(A3) the fluctuation Ap(z2 , t )  in (A5) can be expressed in 
Ap(zl, t ) .  Now (A5) consists of two equations with two 
unknown parameters: Ap(x1, t )  and AI( t ) .  For AI@) we 
obtain 

x 3  A D p ( z ,  t )  dx + ‘1 dx 

1 wm wp 1 -+-+-+-  
Dm Dp soxp sm 

x1 A D m ( z ,  t )  
DP 1 2  DP A I ( t )  = 

(A@ 

By making a Fourier transform, and using the cross- 
correlation spectral noise density in the diffusivity, given 
by ~ 4 1  
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tunnel diodes,” ZEEE Trans. Electron Devices, vol. 24, pp. 146-153, 
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with cy the Hooge parameter, and S the Dirac delta function, 
we obtain (21). 
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