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Abstract-A simplified analytical formulation was derived to model the hot electron effect in AlGaAs 
double heterojunction bipolar transistors. By fitting the common-emitter current-voltage characteristics 
of a real device with theory, the hot electron effect is demonstrated. 

1. INTRODUCTION 

The use of higher bandgap emitter, collector and 
heavily-doped base in the NPN AlGaAs double 
heterojunction bipolar transistor (DHBT) improves 
the transistor’s current gain and switching speed at 
the same time[l-21, but results in an offset voltage 
related to heterojunction potential spikes[l-71. A 
transport theory recently developed[8] suggests that 
the offset voltage problem can be suppressed by just 
using equal emitter-base (e-b) and base-collector 
(b-c) junction areas. Then, the e-b junction potential 
spike (AE,) can be preserved to provide a launching 
pad[g,lO] for injecting hot electrons which further 
improves the frequency response of the transistor. 
This hot electron effect has been modeled using 
Monte Carlo method[ 11,121 and experimentally stud- 
ied using hot electron spectroscopy[l3]. It is believed, 
however, to fully explore the hot electron effect, an 
analytical theory with minimum number of adjust- 
able parameters is needed. In this paper, we present 
a simplified analytical model which is basically an 
extension of the previous transport theory[8] to treat 
the hot electron effect. Experimentally, the hot elec- 
tron effect can be studied using a DHBT with both 
e-b and b-c junction potential spikes (A&) 
present[l3]. The existence of AE2 causes a serious 
voltage dependent collector current (reach-through 
effect) in the common-emitter current-voltage (Z-V) 
characteristics which is very sensitive to the device 
parameters[l4]. Therefore, the hot electron effect can 
be probed by fitting the experimental Z-V curve with 
the analytical model using independently measured 
device parameters. 

2. THEORETICAL MODEL 

The model is following: the injected nonequilib- 
rium electrons across the e-b heterojunction are 
treated by random walk process[ 151 when they pass 

through the base layer for the first time. Various 
scattering mechanisms such as impurity, acoustical, 
optical phonon, pizoelectric, hole plasmon scatter- 
ings will reduce the electron’s energy and deflect its 
trajectory according to the energy and momentum 
conservation laws. Due to the high kinetic energy of 
the injected electrons, the optical phonon scattering 
and hole plasmon excitation[l6] are considered to 
be the dominant scattering mechanisms. The “hot 
electrons” are defined to be those part of electrons 
that have higher kinetic energy than AE, when they 
reach the b-c junction potential spike in the first 
passage of the base layer as shown in Fig. 1. The 
probability of an electron absorbing or emitting an 
optical phonon is proportional to its average number 
np( = l/[exp(E&T) - 11) or np + 1, respectively, 
where EOp = 0.03 eV is the energy of the optical 
phonon. Thus an electron is expected to lose a 
small amount of energy Es = E.&n, + 1/2n, + 1) - 

&I&E 

Fig. 1. Schematic band diagram showing the various current 
transport mechanisms across the base including the hot 

electron effect. 
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(n,/2n, + 1)] _ 0.016 eV during a scattering event at 
room temperature. The energy of hole plasmon is 
O.OlSeV in the base layer doped to 1 x 101’/cm3, 
therefore, these two scattering mechanisms are 
treated to be the same one with mean free path 1. The 
fraction Pa of those injected electrons which are 
“hot” is thus given by: 

where W is the neutral base width and P,, is the 
Poisson distribution[l5] which represents the proba- 
bility that an electron will undergo n scattering events 
while transporting through base. m is the maximum 
allowable number of scattering events defined by 
(A,!?, - AE,)/E,. The remainders are those electrons 

that suffer reflection by A& in the first passage and 
can be regarded as Boltzmann gas which goes on the 
standard diffusion process as described in the pre- 
vious theory[8]. Therefore, in this simplified model, 

the forward-transferred I-V characteristics, which 
neglect the recombination loss of hot electrons with 
holes in the base, is governed by the following 
boundary conditions: 

(i) at .X = 0, the e-6 junction depletion layer 

edge at base side: 

JE= JTE_$f?exp( -$) 

aAn = -&sax _ +f’,J,,> 
x-o 

(ii) at x = W, the b-c junction depletion layer 
edge at base side: 

Jc = Pa JTE - qD,= 
ax r=W 

=E’aJrE+qV.A~(w)exp( -$), 

where JTE is the thermionic emission current density 
over the e-b junction potential spike and defined as: 

where A * is the Richarson constant employing the 
GaAs effective mass and VBE is the applied e-b 
junction bias. q4Bn is the barrier height as defined in 
Fig. 1. JE is the net injection electron current density 
across the e-b junction and J, is the transferred 
collector current density. Other parameters have their 
usual meaning[l4]. The boundary conditions of the 
reverse-transferred characteristics are similar to-those 
of forward-transferred characteristics. The final for- 
mula appear to be very simple, which is a combina- 

tion of two terms i.e.: 

JE=PBJTE+(l -P,)$, 
n2 

Jc = P,J,, + a,(1 - P,)$ 
n2 

where c(~ is the forward transport factor: 

x2= T,cosh(E) +tz)sinh(E) 

L, and u, are the electron diffusion length and 
thermal velocity in the base, respectively. The second 
term in the denominator of t12 is the extra re- 
combination loss due to bouncing phenomenon. 
R,,[8] is a new parameter coming from the bouncing 
phenomenon of electrons between the e-b and b-c 

heterojunctions: 

R 

” 

r,=exp 
( > 

-$ 

3. EXPERIMENTS 

In order to study the hot electron effect, the 

(N)Al,,Ga,.SAs-(P)Al,.23Ga,.,,As-(p)GaAs_(N)Al,,, 
Ga,,,, As DHBT’s are grown on Si-doped (100) GaAs 
substrate by liquid-phase-epitaxy at about 800°C. 
The fabrication processes are the same as Ref.[4]. The 
areas of e-b and b-c junctions are 1.33 x 10e4 and 
9.5 x 10m4cm2, respectively. In order to observe the 
hot electron effect, the thickness of (p)GaAs base is 
kept below 500 A, as shown in Fig. 2(a). In addition, 
a 500 A thick P-type Al,, 23Ga,,,,As is inserted at the 
e-b junction interface to provide launching pad for 
injecting hot electrons[ 171. Their doping concen- 
trations are 1 x lOI* and 1 x 1016/cm,3, respectively. 
The emitter and collector have the same doping 
concentration of 1 x 10”/cm3. Since the sandwiched 
P-type Al,,,,Ga,,,,As is completely depleted under 
normal forward bias due to its low doping and thin 
layer thickness, the potential spike AE, that electron 
sees locates near the P-p heterojunction interface as 
shown in Fig. 2(b). 

Because of the effective mass mismatch at 
the (N)Al, sG~,,As/(P)Al,,23Ga,,77As interface, the 
X-valley electrons of (N)Al,,,Ga,,,As layer will 
suffer reflection and transfer to the f-valley of 
(P)Al,,,,Ga,,,,As when they undergo a real space 
transfer across the interface[l8]. The similar thing 
happens when electrons transport across 
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Fig. 2. (a) The scanning-electron-microscopy photograph of 
cross section and (b) the band diagram of the DHBT. 

(P)Al,,,,Ga,.,,As/(P+)GaAs interface. These scatter- 

ing events at the heterojunction interface, however, 
can be fully taken care of by using the effective mass 
of GaAs instead of AlGaAs in the Richardson’s 
constant of the thermionic emission theory[l8]. 
Therefore, the electron transport across the forward- 
biased depletion region in the P-AlGaAs layer can be 
simply treated as the thermionic emission current and 
there is no need to consider any scattering event in 
this layer. 
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Fig. 3. The forward-transferred collector current Ic and base 
current ZBE vs the e-b junction bias V,, with the b-c 

junction short-circuited. 
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Fig. 4. The reverse-transferred emitter current Z, and base 
current Z, vs the b-c Junction bias V,, with the e-b 

junction short-circuited. 

4. RESULTS AND DISCUSSION 

Figures 3 and 4 show the forward and reverse- 
transferred Z-V characteristics of DHBT from which 
the heterojunction potential spikes and 2kT re- 
combination current can be extracted as 
follows[8,14,19]: 

AE, = 0.195(VB’,, + 0.01) 

Z,, = 3.13 x lo-l8 exp 

AE2 = 0.052( Vet + 2.4) 

ZBc = 2.8 x IO-“exp 
(. > 

eT , 

where ZBE and ZBc represent the forward and reverse 
base currents, respectively, and are regarded as 2kT 
recombination currents in the theoretical simulations. 
The value of 2.4 in the expression of AE, was derived 

1 %I= SOnA/step 
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Fig. 5. The common-emitter Z-V characteristics of DHBT. 
The solid curves are the measured results. The crosses 
indicate the simulation results not including the hot electron 
effect and the dots are the results including hot electron 
effect with 58 A electron-phonon or electron-hole plasmon 

mean free path. 
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by comparing the reverse-transferred emitter current 
I,, shown in Fig. 4, with that of single HBT with no 
e-h junction spike[l9]. The solid curves in Fig. 5 are 
the measured common-emitter I-V characteristics of 
the test device. The base current is chosen in the 
submicro-ampere regime to avoid the series resistance 
effect. The crosses are the simulation result for I, = 
50, 150 and 250 nA, respectively, using above par- 
ameters and a diffusion length of 7 pm but not 
including the hot electron effect[8,14]. Clearly, a 
pronounced reach-through effect appears, for exam- 
ple, at I, - 6 ,uA in the saturation region of the curve 

for /B = 250 nA. This characteristic is certainly differ- 
ent from that of the experimental result. The physical 
reason underlying the reach-through effect has been 
explained in details in Ref.[l4]. After including the 
hot electron effect with a 58 A electron-phonon or 
electron-hole plasmon mean free path, the simulation 
result can fit the measured curve very well. This mean 
free path value is exactly the same as in Ref.[20]. It 
implies that the carrier confinement by b-c junction 
potential spike is reduced at least for I, > 6 PA for 
the curve of IB = 250 nA and the transport mech- 
anism of hot electrons plays a significant role in the 
transistor I-V characteristics. 

5. CONCLUSIONS 

In conclusion, the transport mechanism of non- 
equilibrium electrons injected over the heterojunction 
is incorporated into the theoretical model. The trans- 
port of hot electrons can play a significant role in the 
I-V characteristics and can be probed through the 
curve fitting of common-emitter I&V characteristics. 
The pronounced reach-through effect will be reduced 
in a DHBT with short base and adequate AE? by hot 
electron effect. 
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