
We have also examined the case of a compressive strain and 
found an opposite effect which results in enhancing the polari- 
sation dependence of spectra of the field-induced refractive 
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index variation. This is because of the opposite sign of the 
shear component of the strain further splits the light and 
heavy hole hands. 

In conclusion, we have analysed the polarisation depen- 
dence of the field-induced refractive index variation in strained 
and unstrained QW structures. It is shown that the effect of 
strain combined with the quantum-size effect can be used to 
control the polarisation dependence of the refractive index 
variation which is significant in thin QW. The results indicate 
that while narrow QW structures can be useful for polarisa- 

tion filtering, the application of a biaxial tensile stress to the 
QW can suppress such polarisation dependence and hence is 
useful for realising polarisation-independent electro-optic 
devices. 
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ELECTRICAL CHARACTERISATION OF THE 

DOPED AIGaAs/GaAs H ETEROJ U NCTl ON 
BIPOLAR TRANSISTORS GROWN BY 
MOCVD 

p-TYPE DOPANT DIFFUSION OF HIGHLY 

Indexing terms: Doping, Diffusion 

The emitter base threshold voltage is found to be a very 
effcient method of characterising p-type dopant diffusion in 
highly doped heterojunction bipolar transistors. Simulated 
curves have been successfully used to determine the amount 
of diffusion at different doping levels, showing the ability of 
MOCVD to achieve a high base doping level without any 
dopant diffusion 

Introduction: Very high speed performances have been 
demonstrated with AlGaAs/GaAs heterojunction bipolar 
transistors (HBTs), provided high base doping levels are used 
to reduce the intrinsic base resistance which is, among the 
parasitic elements, the most important one. Very high p-type 
doping levels were first achieved by MBE using Be’ and more 
recently by CBE using C.’ Attempts have been made to 
achieve such high doping levels by MOCVD either with Zn3 
or C.4 The main problem in introducing such high doping 
levels in HBT structures is the control of the dopant diffusion 
during growth. The diffusion of dopant toward the AlGaAs 
emitter layer induces a drastic reduction of the DC current 
gain. Since the dopant diffusion increases with the doping 
level, the control of the diffusion is even more important in 
highly doped structures. 

The amount of diffusion cannot be precisely determined by 
the current gain reduction, which is dependent on many other 
parameters (surface and interface recombination, electron dif- 
fusion length). The current gain is also dependent on the 
current density. The maximum current gain cannot therefore 
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be measured. On large geometry devices, it is not always pos- 
sible, because of parasitics effects (emitter current crowding, 
thermal effects) to reach the current density required for 
maximum D C  current gain. On small geometries, the intrinsic 
maximum current gain is often never reached, because of the 
gain reduction associated with surface recombination cur- 
rents. We have found that another electrical characteristic, the 
emitter base threshold voltage, V,,, is a very efficient indicator 
of the amount of p-type dopant diffusion towards the emitter 
layer. We present modelling demonstrating the accuracy of 
this characterisation and show the ability of MOCVD to 
realise highly doped HBT structures, without diffusion, using 
Zn dopant. 

Modelling: Simulations have been carried out, with 1-D 
numerical simulation software which solves the drift-diffusion 
equation’ to evaluate the influence of the characteristic 
parameters of the emitter-base interface on the threshold 
voltage. The threshold voltage is defined as the emitter-base 
voltage necessary to generate collector current. In this letter, it 
is considered at a reference current density of llOA/cmZ, for 
which the influence of the series resistances is negligible. The 
basic structure is presented in Fig. 1. The emitter is an n-type 
Si-doped A1,.,Ga0.,As layer with a doping level of 
2 x 1 0 ’ ’ ~ m - ~ ,  the base is a p-type Zn-doped GaAs layer with 
a doping level of 3 x 1019cm-3. Between these two regions, 
there is a 300 8, thick n-type AlGaAs region, where the AI 
composition is decreased from 30 to 0%. The collector is an 
n-type Si doped GaAs layer with a doping level of 
2 x 1016cm-3. We have investigated the influence of several 
parameters on the threshold voltage: the emitter and base 
doping levels, the thickness of the gradual region and the 
amount of diffusion in the gradual region. 

The influence of the n-type and p-type doping levels was 
investigated first (Fig. I). The emitter doping level has no 
influence on the threshold voltage at the chosen current 
density. On the contrary, the influence of the base doping level 
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can be detected, a variation of the doping level from 
2 x 10"cm to 3 x I019cm-3 induces a variation of 55mV 

I .-- 1 1 5 ,  ! 
10'6 10'7 l r ~ ' ~  .,# I C 7 1  

- douing level c m 3  

Fig. 1 Characferistics ofthreshold voltage 
x emitter doping variation: base doping 3 x cm-' 
A base doping variation: emitter doping 2 x 10"cm-3 

Since the control by MOCVD of the doping level is better 
than lo%, the base doping level will be a controlled source of 
threshold voltage variation. The base sheet resistance value 
deduced from TLM measurements allows the assessment of 
the doping level value. 

The influence of the gradual region thickness on the thresh- 
old voltage is more significant. A variation of the gradual 
region thickness from 0 to 200 A induces a variation of the 
threshold voltage from 1.37 to 1.22V. When the gradual 
region is larger than 200 A, the variation of the threshold 
voltage is very small. Considering the fact that the thickness 
control is better than 2% and that the gradual region thick- 
ness is optimised at 300 A, this parameter will not be 
responsible for threshold voltage variations. 

The p-type dopant diffusion, simulated with a simple expo- 
nential model, towards the emitter layer is the most significant 
parameter (Fig. 2). For a p-type doping level of 

1101 1 I 1  I 1  I I !  I I 
0 30 60 90 120 150 180 210 240270 300 

dopant dlffuilon 8 rn 
Fig. 2 Dependence of threshold voltage on p-type diffusion 

x 2 x 1018cm-3 

A 1.5 x 10'9cm-3 
+ 3 x 1019cm-3 

3 x 10'9cm-3, without any dopant diffusion, the threshold 
voltage is 1.22V. A light diffusion of 100 A induces a thresh- 
old voltage of 1.35 V. When the diffusion reaches 300 A, the 
threshold voltage is 1.5OV. The threshold voltage is then very 
sensitive to dopant diffusion. When the diffusion is deeper 
than 300 A, there is no more variation of the threshold 
voltage. When the diffusion is more important than the thick- 
ness of the gradual region, there is a drastic decrease of the 
current gain. 

These simulations have shown that the p-type dopant diffu- 
sion is the only significant parameter in the threshold voltage 
variation. With the simulated curves, the threshold voltage 
can then be used as a very precise indicator of the amount of 
p-type dopant diffusion. 

Experimental procedure: Transistors were fabricated with a 
simple double mesa fabrication technology. Five wafers grown 
by MOCVD with the same epitaxial structure, except the base 
doping level and thickness have been processed. The first one 
is a reference wafer with a base doping level of 2 x lo'* aK3, 
for which the dopant diffusion is very limited. The other 
wafers present base doping levels higher than 10'9cm-3, 
sample 2 was grown under non-optimised growth conditions, 
while samples 3, 4 and 5 were grown under optimised condi- 
tions.' 

Electrical characterisation: TLM measurements performed on 
the wafers allow the calculation of the sheet base resistance. 
The measured values are presented in Table 1. The value mea- 
sured on wafer 3 is among the lowest ever achieved by 
MOCVD. The DC current gains have also been measured, the 
values indicate dopant diffusion less than 300 A. The mea- 
sured threshold voltages are presented in Table l ,  as well as 
the base sheet resistance, the DC current gain and the dopant 
diffusion deduced from SIMS measurements. 

The threshold voltages deduced from wafers 1 and 5 are in 
good agreement with the results of the simulation with no 
dopant diffusion, showing the increase of the threshold 
voltage with the base doping level. The simulated and mea- 
sured values are 1.17V for a base doping level of 
2 x 1018cm-3 and 1.22V for 3 x 1019cm-3. The threshold 
voltages measured on wafers 2-5 allow the calculation of the 
amount of dopant diffusion from the simulated curve (Fig. 2). 
Wafer 2 grown under non-optimised conditions is then cred- 
ited with a dopant diffusion of 145 A. Wafers 3 ,4  and 5 grown 
under optimised conditions are credited with 55 A, 40 A and 0 
A, respectively, for doping levels varying between 1.5 and 
3 x 1019cm-3. These values are more reliable than values 
deduced from SIMS analysis. Values deduced from SIMS can 
be erroneous, considering the depth resolution, and can only 
be considered as indicative of an order of magnitude. The 
values of the DC current gain demonstrate the ambiguity of 
the relation between the gain and the amount of dopant diffu- 
sion. The increase of current gain between wafers 2 and 5 is 
related to the base thickness and to a reduction of dopant 
diffusion. The decrease of gain between wafers 4 and 3 is 
chiefly related to an increase of recombination for sample 4, 
the dopant diffusion being similar. 

These results show the ability of MOCVD to grow HBT 
structures, with high base doping level using Zn. p-type 
doping levels as high as 3 x 10'9cm-3 can be obtained, 
leading to low base sheet resistance (250n/U). p-type dopant 
diffusion can be avoided, which is demonstrated by the value 
of the threshold voltage (1.22V) related to a good value of the 
maximum current gain (50). 

Concluston: We have demonstrated that for heterojunction 
bipolar transistors, the emitter-base threshold voltage is 
directly related to the p-type dopant diffusion towards the 
emitter layer. Simulated and measured values have been com- 
pared and the simulated curves have been used to successfully 
deduce the amount of diffusion, in the case of highly doped 
structures. 

This study has also shown the ability of MOCVD to realise 
HBTs with a high base doping level using Zn dopant, without 
p-type dopant diffusion. 

Table 1 ELECTRICAL CHARACTERISTICS O F  WAFERS 

N ,  (cm-') R ,  B B V,, diffusion (8, Vbp) diffusion (A) 
wafer (SIMS) @/U) (110A/cm2) (max) (V) this study (SIMS) 

1 2 x 1018 1200 400 500 1.17 0 ud 
2 3 x 1019 180 15 15 1.41 145 360 
3 1.5 x I O i 9  420 60 100 1.27 55 280 
4 1.5 1019 300 30 35 1.25 40 400 
5 3 x 1019 250 35 50 1.22 n Ild 
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IMPROVED DESIGN OF MINIMUM-PHASE 
FIR DIGITAL FILTERS BY CEPSTRUM AND 
FAST HARTLEY TRANSFORM 

Indexing terms: Filters, Transforms 

An equiripple minimum-phase FIR filter is designed using 
the cepstrum and the fast Hartley transform (FHT). This fast 
procedure is performed entirely in the real domain and 
requires only two short-length FHT computations. This 
method avoids complicated phase wrapping and greatly 
reduces the aliasing error. 

Introduction; Minimum phase FIR filters have certain practi- 
cal advantages, e.g., minimum group delay, reduced order for 
given gain specification and lower coefficient sensitivity,' 
when compared with the linear phase FIR filters. They are 
highly attractive in some applications, such as CTD trans- 
versal filters and communication channel filters. 

Herrman and Schuessler2 have developed a method for 
transforming equiripple linear-phase designs into equiripple 
minimum-phase designs with half the order and with a magni- 
tude response equal to the square root of the prototype. A 
numerial root-finding procedure is required for this method. 
Main and Nainer3 proposed a design procedure to overcome 
this difficulty by using homomorphic deconvolution. 
However, a complicated phase wrapping algorithm is required 
in the computation. Pei and Lu4 introduced a differential 
cepstrum design avoiding the need for phase wrapping. 
However, differential cepstrum has the aliasing problem' and 
requires three larger-length FFT's in order to implement it. 
Reddy6 has recently used the cepstrum computed from the 
spectral log magnitude function to overcome the aliasing 
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problem. The procedure requires only two FFT computations 
and avoids the processing of phase. In that letter, the fast 
Hartley transform (FHT) is introduced to design equiripple 
minimum phase FIR filters through cepstrum. This fast pro- 
cedure only needs two real FHT computations, and avoids the 
complicated phase wrapping and polynomial root-finding 
algorithms. The aliasing error is also greatly reduced. 

Minimum phase filter design: According to Herrman and 
Schuessler's method,, the relationship between linear phase 
H(z) ,  second-order zeros HI@) and minimum phase H&) is as 
follows : 

where N and 6, are the length and the stopband ripple of the 
linear phase filter H(z). 

Let hl(n) and h,(n) be the complex cepstrum of the filters 
HI@) and H2(z) .  respectively. The relation between h2(n) and 
h,(n) is3 

n > 0 (2) b,(n) = f @ , ( n )  + Ll(-n)l = cl(n) 

cl(n) corresponds to the cepstrum of H,( z )  and is defined as 

a, 

In 1 H,(e'O) I = 1 cl(n)eC'"" (3) 
n = - m  

Once &(n) is computed using eqns. 2 and 3, the minimum 
phase filter impulse response h,(n) can be obtained from its 
complex cepstrum h2(n).3 

0 < n < ( N  - 1)/2 (4) 

Then the equiripple minimum-phase filters can be designed 
using only the magnitude function of the linear phase filter, 
thereby avoiding the processing of the phase. The complex 
cepstrum h2(n) decays at least as fast as l/n, and its corre- 
sponding differential cepstrum4 h,,(n + 1) = nfi,(n) does not 
decay with an envelope of l / n .  This approach can greatly 
reduce the aliasing error by using the cepstrum instead of the 
differential cepstrum. 

The fast Hartley has recently been considered 
as an interesting alternative to the FFT, we can use the real 
FHT here to calculate the log magnitude response and the 
cepstrum of the filter H,( z )  very efficiently. 

The discrete Fourier and Hartley transform of x(n) are 
defined as 

N -  1 

DFT:  X ( k )  = 1 x(n)e~'Z'nk'N 
" = O  

where cas (x) = sin (x) + cos (x). The inverse relation is 

1 N-1 
IDFT:x(n) = - X(k)e"""*" ( 6 4  

k = O  


