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Analysis of BJT’s, Pseudo-HBT’s, and HBT’s by 
Including the Effect of Neutral Base Recombination 
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Abstract-An analytical study of the effect of neutral base re- 
combination on various transistor performance characteristics is 
presented. Using an approximate life time model which is suitable 
for BJT’s, pseudo-HBYs, and HBT’s with small variations in 
bandgap, closed form analytical relations for common emitter 
current gain, Early voltage and base and emitter delay times 
are derived including the effect of neutral base recombination. 
The relations show that the current gain 3 and Early voltage 1-4  
and, as a result, the figure of merit current gain-Early voltage 
product ( j1-1) drop rapidly as the recombination increases. They 
also show that emitter delay time increases with an increase in 
the neutral base recombination while base delay time decreases 
though these delay times are not strong function of neutral base 
recombination. Computer simulations (MEDICI) are also shown 
for comparing with analytical results. 

I. INTRODUCTION 

ETEROJUNCTION bipolar transistors (HBT’s) have H been extensively studied during the past few years 
[I] ,  [2]. Several significant advantages over conventional 
homojunction bipolar transistors (BJT’s) are apparent, such as 
higher emitter injection efficiency, reduced charge storage in 
the emitter, lower base transit time and higher Early voltage for 
devices with a graded bandgap in the base. An important figure 
of merit, especially for analog applications, namely common 
emitter current gain-Early voltage product ~ V A  of over 100 
000 V has been reported for SiGe HBT which is much higher 
than that is usually achieved for conventional Si devices [3], 
[4]. This figure of merit is enhanced due to two effects: an 
increase in the emitter injection efficiency and an increase in 
the Early voltage in a graded bandgap structure. 

The other less often considered devices called pseudo- 
heterojunction bipolar transistors, exploit the bandgap narrow- 
ing phenomena in the heavily doped base region to increase 
emitter injection efficiency at low temperatures. Even though 
base is doped higher than the emitter, the injection efficiency is 
greater than one since bandgap narrowing in the base increases 
the effective intrinsic carrier concentration niF compared to the 
intrinsic carrier concentration n; in the emitter. As temperature 
drops, ! r t , , e , / r / , ;  becomes larger, resulting in a higher current 
gain in contrast to conventional BJT’s which suffer from gain 
reduction at low temperatures [5] .  
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Recombination across neutral base region degrades the 
characteristics of HBT’s and pseudo-HBT’s as well as some 
conventional BJT devices. Since the emitter injection effi- 
ciency is high in HBT’s, recombination can severely reduce 
the common emitter current gain in such devices because 
of a parasitic component added to the base current due to 
neutral base recombination [6]. High base doping density as 
well as defects in the base which behave as recombination 
centers are the main causes of neutral base recombination 
in HBT’s. Although SiGe HBT’s without significant neu- 
tral base recombination have been fabricated [7], [ 81. there 
are still technological problems in growing low defect LRP 
or MBE grown SiGe HBT’s and AlGaAs and InP based 
HBT’s [9]-[ 121. Polysilicon emitter approach which improves 
the emitter injection efficiency might not offer a significant 
advantage since recombination process inside the base is 
independent of the emitter injection efficiency. 

In this paper we consider the effect of neutral base recombi- 
nation on various device parameters using a simple analytical 
recombination model for a device with nonuniform energy 
gap and arbitrary doping profile in the base. The relations 
derived can be applied to BJT’s, pseudo-HBT’s, and HBT‘s 
as well. However, application of this model for HBT’s with 
large bandgap variation across the base might lead to unac- 
ceptable errors. The derived relations offer significant insight 
into the effect of neutral base recombination on transistor 
characteristics. 

11. THEORY 

In order to construct our model, we shall consider a general 
transistor with a base with an arbitrary doping profile of 
N . A ( : ~ )  and an arbitrary bandgap profile of Eg(,r). We call this 
transistor an HBT. however it can represent a pseudo-HBT or 
a conventional BJT as well. In this model, we use the notation 
for an NPN transistor, however, it can also be extended for 
PNP transistors. 

To evaluate the behavior of an HBT. we derive expressions 
for current gain /I, Early voltage 114. base delay time t b b  and 
emitter delay time I,,,,. Since base has a nonuniform bandgap 
profile ( J ~ ~ ( , I ; ) )  and an arbitrary doping profile (;V.~(X)), the 
diffusion coefficient D,, ( r )  and the minority carrier lifetime 
T,,(:L) may no longer be constant inside the base. To develop 
the model, the following assumptions are made: 

Low level injection regime inside the base (which is 
mostly the case for the HBT’s. because of the moderately 
to heavily doped base region). 
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Neglecting the current due to the majority carriers in the 

No hot electron effect. 
Nondegenerate statistics. 
Infinite transition velocity of carriers inside the base- 
collector depletion layer. 
High surface recombination velocity at the emitter con- 
tact. 

Ignoring the recombination inside the base region, one can 
write current gain and Early voltage as given by Prinz et al. 

base. 

[31: 

where tJpO is the thermal equilibrium hole current injected into 
the emitter; 71:~ is the effective intrinsic carrier density which 
reflects the variation of the bandgap inside the base due to 
the varying alloy composition as well as bandgap narrowing 
effect; cbc is the base collector junction capacitance and w is 
the effective base width. From the two last equations, the figure 
of merit current gain-Early voltage product can be determined 
to be: 

(3) 

which is independent of bandgap variation and doping profile 
across the base and depends on the effective intrinsic carrier 
density at the edge of the collector base depletion region inside 
the base. 

The base delay time t b b  may also be found, neglecting the 
recombination, as given by Kroemer [13]: 

(4) 

If the assumption of infinite transition velocity of carriers in- 
side the collector-base depletion region is not valid, there will 
be a nonzero minority carrier concentration at the boundary 
which gives rise to an increased base delay time. This effect 
is more pronounced in very thin base region [14]. The emitter 
delay time t,, may be calculated by dividing the net charge 
accumulated in the emitter by the collector current. To simplify 
the calculations, let us assume a thin emitter region with a 
width of We and a constant emitter doping of No.  The emitter 
delay time will be 

The quantity e, called effective base Gummel num- 
ber, is an important parameter in determining the transistor 
characteristics. If the effective base Gummel number is small, 
the current gain /3 will be large and the emitter delay time t,, 
will be small, however the Early voltage will suffer (see (2)). 
This reduction in V, can be compensated by increasing n,”, (w) 
and Dn(w) which can be achieved by changing the alloy 
composition of the base material at the base-collector junction 
in order to have a smaller bandgap. The base delay time t b b  is 
significantly affected by the presence of an accelerating field 
in neutral base region produced by either bandgap variation 
or doping profile. 

In the presence of neutral base recombination, the continuity 
equation should be solved to find the electron distribution in 
the base. It requires the knowledge of n3, NA,  D, and the 
minority carrier lifetime T, as functions of position within the 
base. In some cases (like SiGe materials) n:? and Naq may be 
known but at present D, and rn are less firmly known. In the 
absence of reliable data for r, and D, for bandgap varying 
situations, we adopt a lifetime model proposed in [ 151 (see also 
[16]) to solve the continuity equation and hence an analytical 
solution can be found that includes the effect of neutral 
base recombination to compute transistor characteristics. The 
lifetime model is given by: 

where C, is a parameter which is nearly a constant. This 
model is shown to be in a good agreement with experimental 
results for Si BJT’s [ 171 and for some 111-V materials [IS]. For 
pseudo-HBT’s the model is still acceptable because according 
to bandgap narrowing models [19], [16], the variations in n:e 
and N A  almost cancel each other, resulting in a reasonable 
variation in lifetime across the base. For HBT’s, however, the 
model may be unacceptable because in this case, (6) might not 
be an acceptable approximation across a thin base region. As a 
result, the parameter C, might vary significantly. Neverthelesk, 
in order to gain a reasonable understanding of recombination 
effects one may assume an average effect for C, and treat this 
as a constant and apply this lifetime model for HBT’s as well. 

Considering a regional model and solving the minority 
carrier continuity equation in neutral base using (6), one 
obtains minority carrier concentration n( .r) inside the base: 

where Ki(z) is defined as 

Electron current density inside the base can also be found to be where TL;  is intrinsic carrier density inside the emitter. Again, 

1.  (9) 
cosh[Ki(w) - K i ( z ) ]  

sinh [Ki (w )] 
if the assumption of high surface recombination velocity at the 

emitter region will become larger which gives rise to a larger 
emitter delay time. 

emitter contact is not valid, the net charge accumulated in the .Jn(x) = qC,e”BE”’ 

Having n(x )  and Jn( . r ) ,  we are now able to find various 
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transistor parameters. We can write base delay time t b b  as 

(10) 
Early voltage calculated assuming a constant base current is 
(see Appendix for the derivation): 

q Q L ( w ) 4 ( 4  
v4 = 

C, Clx 
qC,(cosh[Ki(w)] - 1) + Jpo sinh[Ki(w)] 

qC, sinh[Ki(w)] + .Jpo cosh[Ki(w)] 
(1 1) 

I 
and the current gain P is (see Appendix for the derivation): 

. (12) qC,s(cosl i [Ki(~~)]  - 1) + Jpo sirih[Ki(w)] 

The emitter delay time ten,, assuming a narrow emitter with 
a constant doping profile, will be: 

q c s  P =  

(13) 

It is important to notice that (10)-(13) will readily reduce 
to ( I ) ,  (2), (4), and (5) when K %  number is small. That is for 
small C, which means that the recombination is negligible. 

The figure of merit current gain-Early voltage product in the 
presence of recombination can be derived using (1 1) and (1 2): 

We 7$' sinh[Ki( w)] 
2NDCS 

tem = 

The Ki number, which is a design parameter and appears 
in (10)-(14), should be minimized in order to improve ,I3 
and t,,,, however it  results in a reduction of the Early 
voltage VA. At the same time 7&(w) and D,(w) may be 
selected to be large so that V A  becomes acceptable. The delay 
time f b b  is again minimized by an accelerating field either 
produced by bandgap variation or by impurity profile. The 
figure of merit p V ,  appears to diminish dramatically as the 
recombination increases, since both /3 and V 4  fall off rapidly 
with recombination. 

111. APPLICATION I (PSEUDO-HBT) 

The results obtained in the previous section can be applied 
to pseudo-HBT devices. Base doping concentration in pseudo- 
HBT's is usually higher than emitter doping concentration 
and hence these devices show a small common emitter cur- 
rent gain at room temperature. However, bandgap narrowing 
in the heavily doped base has pronounced effect at lower 
temperatures resulting in a considerably higher gain [5]. 

0 

0.1 2 4 6 8 
Base Doping Concentration (Na x ldgcm3 ) 

I 

Fig. 1. Variation of the common emitter current gain f versus the acceptor 
doping density across the base in a pseudo-HBT at room temperature 
(T = 300 K )  and T = 130 K. Two different lifetimes ( T I ,  = x and 
T I ,  = 100 ps) have been used for neutral base recombination. Results of 
MEDICI simulation are also shown in the figure: (*) corresponds to T = 300 
K (No recombination and T,, = 100 ps).(+) corresponds to T = 1.50 K (No 
recombination).(o) corresponds to T = l . j0 K ( T , ~  = 100 ps). The transistor 
has following specifications: Emitter doping concentration .YD = 3 x IO1' 
cmP3,  emitter width I T ;  = 0.2 p m  and neutral base width i f '  = 0.08 Itm. 
Diffusion coefficients are calculated from analytical mobility model given in 
WI. 

Let us consider a pseudo-HBT with a uniform emitter 
doping concentration of N D  = 5 x lo1' cm-3 and an emitter 
width of WC. = 0.2 /im. The base doping is uniform and its 
concentration varies from Ar.4 = I x 
1 x lozo cm-3. Effective base width is 'U! = 0.08 pm. 

The bandgap varies with temperature according to 

cm-j  to AT, = 

where E,(O) = 1.122 eV, N = 3.73 x 10-'/K2 and B = 636 
K for Silicon [20]. Variation of the effective intrinsic carrier 
density versus temperature, exploiting the SlotboomcleGraaff 
bandgap narrowing model [ 191, can be written as (see bottom 
of page) where CO = 1.686 x loA3 cm-'eVP3 for Silic6n 
[21]. Since we assume a uniform doping concentration across 
the base, the minority carrier lifetime is constant and instead of 
using C, as the recombination parameter, we can use minority 
carrier lifetime T,, . 

Diffusion coefficients D,, and D, depend on actual doping 
concentration and operating temperature. Assuming Boltz- 
mann statistics and the assumption that Einstein relation holds, 
we can represent diffusion coefficients in terms of electron 
and hole mobilities. We use analytical mobility model given 
in MEDICI simulation package [22] with all the default values 
for silicon to define the relation among diffusion coefficients 
and impurity concentrations and temperature. 

The current gain of the pseudo-HBT device versus the base 
doping concentration is depicted in Fig. 1 for two different 
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Baseboping Concentration (Na x ld'cm") 

Fig. 2. Variation of the common emitter current gain 3 versus the acceptor 
doping density across the base in a pseudo-HBT at T = 77 K. Three different 
lifetimes (T,, = 100 ns, = 10 ns and r,, = 1 ns) have been used for 
neutral base recombination. Results of MEDIC1 simulation are also shown in 
the figure: (+) corresponds to T,, = 100 ns. (0) corresponds to r,, = 10 
ns. (*) corresponds to r?, = 1 ns. The transistor has following specifications: 
Emitter doping concentration ,VD = 5 x 101i.cm-3, emitter width ItVC = 0.2 
p m  and neutral base width [ I '  = 0.08 I'm. Diffusion coefficients are calculated 
from analytical mobility model given in [22]. 

TEMPERATURE (K) 

300 200 100 77 

LI 
1OoM(llK) 

Fig. 3. Variation of the common emitter current gain 3 of a conventional BJT 
and a pseudo-HBT versus temperature. Three different lifetimes (r,t = m, 
T,, = 10 ns and T , ~  = 1 ns) have been used for neutral base recombination. 
Results of MEDIC1 simulation are also shown in the figure: (x) corresponds 
to conventional BJT with no recombination. (0 )  corresponds to pseudo-HBT 
with no recombination. (+) corresponds to pseudo-HBT with r,, = 10 ns.(*) 
corresponds to pseudo-HBT with r,, = 1 ns. The pseudo-HBT has following 
specifications: Emitter doping concentration .\-U = 5 x IO" cmp3, Base 
doping concentration .\-.a = 3 x 10'' cmP3.  emitter width 11; = 0.2 jrm 
and neutral base width ( I '  = 0.06 jim. The conventional device has the same 
specification except that the base doping concentration -\-..I = 10" cmP3 
and the emitter doping concentration .YD = 3 x c m P 3 .  Diffusion 
coefficients are calculated from analytical mobility model given in (221. 

operating temperature using (12). For the room temperature, 
as the doping density increases the current gain decreases, 
however, due to the bandgap narrowing effect in the base, the 
drop in the current gain is not so sensitive to the base doping. 
Neutral base recombination causes an additional drop in the 
current gain. When we reduce the operating temperature to 
150 K, the effect of bandgap narrowing in the base becomes 
more pronounced and in this case, current gain even increases 
as the base doping increases (Fig. l), since p x e x p ( s )  

where AG is the effective bandgap difference between the base 
and the emitter. As the base doping increases, A, becomes 
larger, resulting in an enhancement in the current gain. This 
enhancement, however, cannot be seen at room temperature 
since AG is small comparing to k T .  Recombination in the 
neutral base region still causes a reduction in the gain. 

Reducing the temperature to 77 Kelvin results in a sig- 
nificant enhancement in the current gain as shown in Fig. 
2. It is worth noting that the effect of recombination at 
low temperatures (e.g., 77 K) is more pronounced since 
the injection efficiency of the device is very high at these 
temperatures and the base current is dominated by the neutral 
base recombination. As can be seen, lifetimes of the order 
of nanoseconds can degrade the device performance at 77 K 
while lifetimes even as low as 100 ps do not affect the current 
gain of the device at room temperature much (Fig. 1). 

Shown in Fig. 3 is a comparison between the common emit- 
ter current gain of a pseudo-HBT and a conventional BJT. As 
the temperature decreases, the gain of the conventional device 
falls off while the gain of the pseudo-HBT device increases. 
Neutral base recombination causes a drop in the current gain 
and becomes more important in lower temperatures as shown 
in the figure. 

Current gain of pseudo-HBT's is influenced by base doping 
concentration in two different aspects: in one aspect, it is 
inversely proportional to the base doping while in another 
aspect it is affected by the bandgap narrowing effect by 
a rather complicated function (see (12) and (16)). At high 
temperatures, the term inversely proportional to base doping is 
dominant while at lower temperatures, the term involving the 
bandgap narrowing effect is dominant, resulting in an increase 
in current gain as base doping concentration increases. The 
effect of bandgap narrowing becomes more apparent at higher 
temperatures if AG, the effective bandgap difference between 
the base and the emitter is higher. 

IV. APPLICATION I1 (HBT) 

Next, we apply our model to gain an understanding about 
the HBT's performance. We will consider a general case 
of linearly varying bandgap. The slope of the bandgap is 
considered to be a parameter while the average bandgap 
reduction may be considered as a constant [23]. To simplify 
the case even more, we assume that the impurity profile N A  is 
also a constant across the base. The diffusion coefficient D, 
is also assumed to be a constant, however it may vary a little 
for the practical case [24]. 

The transistor used in this example has the following 
specifications: 

An NPN Si-Ge HBT with an average base bandgap 
discontinuity of AE,,, = 0.16 eV and with a linearly 
varying bandgap with the slope 77 defined by 

AE(w) - AE(0)  
(17) 

where AE(w) and AE(0)  are the bandgap discontinuities 
at the collector base and emitter base junctions, respec- 

k T  7 1 =  
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Fig. 4. Variation of the current gain ,3 versus the slope of the bandgap 
i /  when C, is a parameter, Results of MEDICI simulation are also shown 
in the figure: (+) corresponds to no recombination case. (*) corresponds to 
T,, = 4 ns. (0) corresponds to J,, = 1 ns. The HBT is assumed to be an NPN 
SiGe-base transistor with a linear bandgap variation across the base having 
a base doping .T.h of 10’’ cmP3, emitter doping -YD of 2 x 10” cmP3, 
effective base width of i c  = 0.1  p m  and emitter width of T I * +  = 0.1 pm. 
Diffusion coefficients D,, and D, are assumed to be constant, D,, = S cm2s 

and D,  = G cm’s - I .  The Ki number calculated using (8) varies from 
0.059 for 11 = 0 to 0.084 for r )  = 5 3  for the case C, = .5 x 10’. 

tively. The parameter q varies between -3 to 3 to ensure 
that the variation in is not unacceptably large ((6) 
holds). Negative bandgap slopes are generally undesirable 
for device operation because of increased minority carrier 
concentration in the base. 
Constant doping profile in the base, emitter and collector. 
N D  = 2x cm-3, N.4 = l0lS cm-3 and Nepi = 1016 
cm-3. 
Effective base width w = 0.1 pm and effective emitter 
width We = 0.1 pm. 
Minority carrier diffusion coefficient inside the base 
D, = 8 cm’s-l and inside the emitter D, = 6 cm2sC1. 
The junction capacitances are calculated to be: 
Chr = 18 nFcm-’ and Cbe = 460 nFcm-2 under bias 
condition of Vb, = 0.65 V and V,, = 2 V. 

Fig. 4 shows the variation of current gain /3 as a function 
of slope of the bandgap q (see (17)) when C, is a parameter 
(see (12)). As can be seen from the figure, the maximum gain 
is achieved when q is zero, that is when bandgap profile is 
uniform across the base. The reason is that K i ( w )  is dominated 
by the regions in the base where is small, i.e., Eg is large 
[ 3 ] .  So, for the case where the slope is not zero, K i ( w )  will be 
larger than that of q = 0 and the current gain becomes smaller. 
Note that when C, increases, i.e., recombination increases, the 
current gain /3 drops. Also shown in the figure are the results 
of MEDICI simulation for the same device operating at three 
different conditions: no recombination, rn = 4 ns and rn = 1 
ns. 

Fig. 5 depicts the variation of the Early voltage with 
respect to the bandgap slope 71, when C, is a parameter (see 
(11)). Also shown in the figure are the results of MEDICI 
simulation for the same device operating at no recombination, 
T,, = 4 ns and r, = 1 ns. Simulation results at positive 
bandgap slopes are less than what are expected from the 
model since in the model, we use a constant C, while in 
the simulation, we define a constant 7,. For positive slope 

I 1 

9 400 
v 

0 

m 
L - 
; p 200 
W 

0 

Bandgap Slope 

Fig. 5. Variation of the Early voltage T :4 versus the slope of the bandgap ’1 
when C,  is a parameter. The Early voltage of the equivalent BJT is also 
shown. Results of MEDICI simulation are also shown in the figure: ($) 
corresponds to no recombination case, (*) corresponds to J,, = 1 ns. (0) 

corresponds to J,, = 1 ns. The HBT is assumed to be an NPN SiGe-base 
transistor with a linear bandgap variation across the base having .Y.4 = 10’’ 
cmP3, .VD = 2 x 10“ “S. (I* = T i ;  = 0.1 p m  and D,, = S em's-'. 
The base collector junction capacitance C,,,is assumed to be 18 nFcm-2. 
The Ki number calculated using (8) varies from 0.059 for i )  = 0 to 0.084 for 
I? = k3 for the case C, = 5 x 10’. 

where the bandgap discontinuity at the collector base junction 
is larger than the bandgap discontinuity at the emitter base 
junction, 7&(w) becomes large, resulting in an increase in the 
Early voltage compared to the equivalent BJT. As C, increases 
(i.e., recombination increases), the Early voltage drops. 

The reason for the drop in Early voltage is stated as 
follows: As V,, increases, the width of the collector base 
depletion region extending into the base region increases 
resulting in an increase in the slope of the minority carrier 
concentration profile inside the base and consequently an 
increase in collector current which is generally known as 
Early effect. In the presence of neutral base recombination. 
with an increase in V,,, the neutral base width becomes 
thinner and therefore the recombination component of the base 
current becomes smaller. To keep the base current constanb, 
the injection component of the base current has to increase 
resulting in a further increase in the slope of the minority 
carrier concentration profile inside the base when compared to 
no recombination case. Therefore in the presence of neutral 
base recombination, the Early effect is more pronounced and 
the Early voltage decreases with an increase in the neutral 
base recombination. 

The variation of base delay time t b b  with respect to the 
bandgap slope q, where C, is a parameter, is depicted in Fig. 6 
(see (10)). As can be seen from the figure, for positive bandgap 
slope, the delay time becomes less than that of equivalent BJT 
due to the accelerating field produced by the bandgap slope. As 
C, increases, the base delay time reduces since the net charge 
stored in the base is reduced by the recombination process. 

Shown in Fig. 7 is the emitter delay time which may 
be minimized when the slope of the bandgap 71 is zero 
and recombination is negligible (see (13)). As recombination 
increases, the collector current decreases for the same base 
current (drop in [I), resulting in an increase in the emitter 
delay time. As may be noticed, in this example, emitter delay 



MOHAMMADI AND SELVAKUMAR: ANALYSIS OF BJT’S 

4 -2 -1 0 1 2 
Bandgap Slope 

Fig. 6. Variation of the base delay time t b b  versus the slope of the bandgap 
11 when C, is a parameter. The base delay time of the equivalent BJT is also 
shown. The HBT is assumed to be an NPN SiGe-base transistor with a linear 
bandgap variation across the base having N A  = 10IR ~ m - ~ ,  N D  = 2 x 10” 
cm-’. 11‘ = 11.‘ = 0.1 p m  and D,, = 8 cm2sP1. 

OA -2 -1 0 1 2  J 
Bandgap Slope 

Fig. 7. Variation of the emitter delay time t , ,  versus the slope of the 
bandgap 11 when C,  is a parameter. The HBT is assumed to be an NPN 
SiGe-base transistor with a linear bandgap variation across the base having 
.\-A = 10“ “ S .  -\-D = 2 x 10” cmP3, w = We = 0.1 p m  and 
D,, = 6 cm2s-’. 

time is negligible comparing to the base delay time. However, 
it may not be the case always, especially when the average 
bandgap discontinuity is small. In such a situation emitter 
delay time is comparable or even larger than base delay time 
and in the presence of significant neutral base recombination, 
the difference becomes much more. 

The current gain-Early voltage product can also be shown 
to increase as the bandgap slope 7 becomes more positive 
and reduces dramatically when neutral base recombination 
increases (Fig. 8). 

V. SUMMARY 

In this paper, the effect of neutral base recombination on 
various transistor parameters using an approximate lifetime 

I 
/ 

1713 

I 

Bandgap Slope 

Fig. 8. Variation of figure of merit $t, versus the slope of the bandgap 
17 when C, is a parameter. The HBT is assumed to be an NPN SiGe-base 
transistor with a linear bandgap variation across the base having AXr,4 = 10’’ 
~ m - ~ ,  N D  = 2 x 10” “S. to = U: = 0.1 pm, D,, = 6 cm’s-l, 
D, = 6 cm’s-’ and Cl,, = 16 nFcm-*. 

model was presented and discussed. The model developed 
in this paper is applicable for a transistor having a nonuni- 
form bandgap and an arbitrary doping profile inside the base 
provided the bandgap variation is not too great. In order 
to achieve a better performance using a linearly varying 
bandgap HBT, it was found that one may design for a 
slightly positive slope in bandgap in order to have high 
Early voltage, low transition times and a reasonably large 
common emitter current gain. Aiming to achieve an extremely 
high current gain might prove to be counterproductive in 
some situations since neutral base recombination can become 
comparable to injection component of base current and this 
leads to a dramatic decrease in current gain. The insights 
gained from this study will be useful to consider the current 
gain trade off for higher frequency of operation by increasing 
the base doping and similar consideration when neutral base 
recombination might be a factor to be considered. - 

APPENDIX 

In order to calculate Early voltage, (11), we change the 
base-collector voltage \,,, which results in a change in base 
thickness. Assume that the new base thickness is w’ where 
w’ = w + dw. We may find the electron current density for 
w and w’ as 

cosh[Ki(w’) - Ki(z)]  

[ sinh[Ki(w’)] 
J L ( z )  = qC,e A’ 

Since base current is constant while base-emitter voltage can 

dJn(w) - Jpo[sinh[Ki(w)] - sinh[Ki(w’)]] + qC,[cosh[Ki(w)] - cosh[Ki(w’)]] 

Jn ( w )  
64.4) - 

Jpo sinh[Ki(w’)] + qC,[cosh[Ki(w’)] - 11 
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vary, we can write: [5] K. Yano, K. Nakazato, M. Miyamoto, M. Aoki, and K. Shimohigashi, 
“A high current-gain low-temperature pseudo-HBT utilizing a sidewall 

Jpo + qc, cosh[Ki(w)l-l 

J~~ + yc, cosh[Ki(w’)]-1 . 

base-contact structure,” /€€E Trans. -Electron Dei,ices, vol. 38, pp. 

[6] Z. A. Shafi, C. J. Gibbings, P. Ashbum, I. R. C. Post, C. G. Tuppen, 
and D. J. Godfrev. “The imuortance of neutral base recombination in 

ew~-i = eli>elii . sinh[Ki(w)] 452454,  Dec. 1991. 
(A‘2) 

sinhiKi(w’)l * ~ 

compromising the gain of Si/SiGe heteroiunction bipolar transistors,” 
Now we can find the ratio of JA(w/) to Jn(w) using (A.l)  

and (A.2): 

J:I(Pu’) - Jpo sirili[Ki(w)] + qCs(cosh[Ki(w)] - 1) 

. ln(w) 
- 

J~~ s in l i [~ i (wt - ) ]  + y ~ , ( c o s l i f ~ i ( w / ) l  - 1). 
(‘4.3) 

as (see 
bottom of previous page). If dw is infinitesimal, then the 
following equations hold: 

Having calculated t h s  ratio, we can find 

sirih[Ki(w)] - sinh[Ki(w/)] = dKi . cosh[Ki(w’)] 
cosli[Ki(w)] - cosh[Ki(w’)] = dK% . sinh[Ki(w’)] 

(A.5) 

where 

Now Early voltage can be calculated as follows: 

where 

(‘4.8) 
Combining (A.4) and (A.@, we 6btain (1 1) for the Early 

voltage. 
In order to prove (12), we express the current gain p as 

the ratio between the collector current and base current. In the 
presence of recombination, base current composed of injection 
and recombination components. Thus p can be written as 

Y N 4 ( W )  dVcb = d w L .  cb 

J n ( 7 1 ~ )  B = 
tJpoeTi=/‘t + JTL(0)  - Jn(w) 

yc, 1 sin h[ K i (w)] - - 
jpo + qc, cosh[Ki(w)]-l 

sinh[Ki(w)] 

which leads to (12). 

ACKNOWLEDGMENT 

64.9) 

IEEE Trans. Electrit7 Dei,ices, vol. 38, pp: 1973-1976, Aug. 1991. 
[7] G. L. Patton, D. L. Harame, J. M. C. Stork, B. S. Meyerson. G. J .  

Scilla, and E. Ganin. “Graded-SiGe-base, poly-emitter heterojunction 
bipolar transistors,” IEEE Electron Device Lett., vol. IO,  pp. 534.536, 
Dec. 1989. 

181 E. J. Prinz and J. C. Sturm, “Base transport in near-ideal graded-base 
Si/Sil --J Ge,/Si heterojunction bipolar transistors from 150 K to 370 
K,” in IEDM Tech. Dig., pp. 975-978, 1990. 

[9] C. A. King, J. L. Hoyt, and J. F. Gibbons, “Bandgap and transport 
properties of Sii-, Ge,. by analysis of nearly ideal Si/Sil-J Ge, /Si 
heterojunction bipolar transistors,” / €€E  Trans. Electron Devices. vol. 
36, pp. 2093-2104, Oct. 1989. 

[IO] J. M. McGregor, D. J. Roulston, J. P. Noel, and D. C. Houghton, “Output 
conductance of bipolar transistors with large neutral base recombination 
current,” IEEE Trans. Electron Devices, vol. 39, pp. 2569-2575, Nov. 
1992. 

[ l  I] W. U. Liu, D. Costa, and J. S. Harris Jr., “Theoretical comparison of base 
bulk recombination current and surface recombination current of a mesa 
AlGaAs/GaAs heterojunction bipolar transistor,” Solid-States Elecrr.on.. 
vol. 34, no. 10, pp. 1 1  19-1 123, Oct. 1991. 

1121 A. Ouacha, Q. Chen. M. Willander, R. A. Logan, and T. Tanbun-Ek, 
“Recombination process and its effect on the DC performance of 
InP/lnGaAs single-heterojunction bipolar transistors,” J. Appl. Phys., 
vol. 73, pp. 44444447, May 1993. 

[13] H. Kroemer, “Two integral relations pertaining to the electron transport 
through a bipolar transistor with a nonuniform energy gap in the base 
region,” Solid-State Elec~trori., vol. 28, no. 1 1 ,  pp. 1101-1 103, Nov. 
1985. 

[ 141 K. Suzuki and N. Nakayama, “Base transit time of shallow base bipolar 
transistors considering velocity saturation at base-collector junction,” 
IEEE Trans. Electron Dei.ices, vol. 39, pp. 623-628, Mar. 1992. 

[I51 C. R. Selvakumar, ‘Simple general analytical solution to the minority 
carrier transport in heavily doped semiconductors.” J .  Appl. Phys., vol. 
56, pp. 3476-3478, Dec. 1984. 

1161 C. M. Van Vliet, “Bandgap narrowing and emitter efficiency in heavily 
doped emitter structures revisited,” IEEE Trans. Electron Deiices, vol. 
40, pp. 1140-1147, June 1993. 

[I71 C. R. Selvakumar and D. J. Roulston. “A new simple analytical emitter 
model for bipolar transistors,” Solid-State Electron. vol. 30, no. 7, pp. 
723-728, July 1987. 

[I81 C. R. Selvakumar. “A new minority carrier lifetime model for heavily 
doped GaAs and InGaAsP to obtain analytical solutions,” Solid-State 
Electron., vol. 30, no. 7, pp. 773-774, Ju ly  1987. 

1191 J. W. Slotboom and H. C. decraaff. “Measurements of bandgap nar- 
rowing in Si bipolar transistors,” Solid-State Elec.trori.. vol. 19, no. 1D, 
pp. 857-862. Oct. 1976. 

[20] E. S. Yang, Microelec~rronic~ Dei,ic.es. New York: McGraw-Hill. 1988. 
[21] S. M. Sze, Physics o f  Semic,ondrtctor De1,ices. 2nd ed. New York: 

Wiley, 1981. 
1221 TMA MEDIC/. version 1, vol. 1, Mar. 1992. 
[23] D. J. Roulston and J. M. McGregor. “Effect of bandgap gradient in 

the base region of SiGe heterojunction bipolar transistors,” Solrd-State 
E/ecrr.on., vol. 3 5 ,  no. 7, pp. 1019-1020. July 1992. 

[24] B. Pejcinovic, L. E. Kay, T. Tang, and D. H. Navon, “Numerical 
simulation and comuarison of Si BJT’s and Si1 - ,  Ge.r HBT’s.” IEEE 
7‘iaris Electron Deircec., vol 36. pp. 2129-2137. Oct. 1989 

S. Mohammadi would like to thank Mr. S. Mohajerzadeh 
for his useful comments and discussions. 

REFERENCES 
Saeed Mohammadi (M‘90-S’92) received the B.S 

[ 11 H Kroemer. “Heterostructure bipolar transistors and integrated circuits,” degree in electrical engineering from Iran University 
f loc IEEE. vol. 70, pp 13-25. Jan. 1982 of Science and Technology, Tehran. Iran. in 1989. 

121 S M Sze, High-Speed Semrtonductoi Deirtes New York Wiley, and the M Sc degree in electrical dnd computer 
I990 engineering from the University of Waterloo, Wa- 

131 E J Prinz and J C Sturm. “Current gain-Eddy voltage products terloo, Ontario. Canada. in 1994 
in heterOjuilction bipolar transistors with nonuniform base bdndgaps,” His research interests include the physics. mod- 
IEEE Elc~crrori D r i / t e  Le t t .  vol 12. pp 661-663, Dec. 1991 

141 E J Prinz ‘md J C Sturm, “Current gain-Early voltage products in 
graded-base Si/Si I - , Ge, /Si heterojunction bipolar trdnSiCtors,” /EEE 
Tiurrc. Flcctron Deircc’~.  vol 38, pp. 2695-2696, Dec 1991 

eling, and design of heterostructure devices 



MOHAMMADI AND SELVAKUMAR: ANALYSIS OF BJT'S 1715 

C. R. Selvakumar (S'SGM'86) was born in Karur, 
Tamil Nadu, India, on March 17, 1950. He received 
the B.E. in electrical engineering from the College 
of Engineering, Guindy, Madras, India, in 1972, 
and the M.Tech. and Ph.D. degrees in electrical 
engineering from the Indian Institute of Technol- 
ogy (Bombay and Madras), in 1974 and 1985, 
respectively. His Ph.D. dissertation was based on 
a new analytical approach to solve semiconductor 
device equations in heavily and nonunifomly doped 
regions. 

From 1975 to 1978, he was a Research Scholar at IIT Madras, where he was 
partly responsible for setting up the Microelectronics Research Laboratory. 
From 1978 to 1984 he was a Project Associate at IIT Madras, where he 
was responsible for the development of ultrasensitive photo p-i-n diodes for 
UV. visible, and IR radiation, as well as lifetime control using platinum for 
high-speed switching devices. Since 1985, he has been with the University 
of Waterloo. first as a Postdoctoral Fellow in the Electrical Engineering 
Department. and later as an Associate Professor in the Department of Electrical 
and Computer Engineering. In early 1992 he was a Visiting Faculty Member 
of Stanford University's Department of Electrical Engineering. In 1989 
he contributed an invited review article of polysilicon bipolar transistors 
(published in Po/jsi/icon Emirrer Bipolar Trunsisrors, A. Kapoor and D. J. 
Roulston, Eds., IEEE Press). His current research interests are in bipolar 
transistors. SiGe channel MOSFET's and HBT's, vertical polysilicon emitter 
bipolar transistors on SO1 and novel group IV binary and ternary alloy devices, 
and quantum effect devices. 

Dr. Selvakumar is serving as a Guest Editor for the upcoming IEEE Trurzs- 
actions on EIectron Devices special issue on Submicron Bipolar /BiCMOS 
Devices and Technologies. He was a member of the Technical Program Com- 
mittee of IEEE Bipolar Circuits and Technology Meeting and is the Technical 
Program Chairperson for 1994. He is a Chairman of the Kitchener-Waterloo 
IEEE Section Electron Devices, Circuits and Systems Chapter. He has been an 
associate Key Researcher of the Provincial Centre of Excellence (ITRC) since 
1991. and an Associate Researcher for MICRONET. He is a member of MRS. 


