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Abstract—This paper addresses the problem of the space charge
region Shockley–Read–Hall (SRH) recombination currents in
heterojunctions with one noncrystalline side. A formulation which
generalizes previous works is discussed. The approach is based
on the drift-diffusion model with a thermionic-field emission
boundary condition. The main physical parameters which de-
termine the relative contribution of each zone of the space
charge region (SCR) to the total recombination current are
identified. The general analysis is applied for the first time to
amorphous/crystalline heterojunctions and design criteria are
established to minimize the total recombination current.

Index Terms—Amorphous semiconductor devices, semicon-
ductor device modeling, semiconductor heterojunctions, space
charge.

I. INTRODUCTION

AMORPHOUS/CRYSTALLINE and microcrystalline/
crystalline heterojunctions have been proposed as

promising candidates for improving device performances. In
particular, a-SiH/c-Si [1], [2], a-SiCH/c-Si [3], c-Si/c-Si [4],

c-Si/a-SiC /c-Si [5], and c-SiC/c-Si [6] have been used as
injector junctions in heterojunction bipolar transistors (HBT).
However, experimentally measured base currents are usually
higher than theoretically expected and most of the benefits of
the heterojunction are lost.

Different recombination mechanisms may exist both in the
space charge region (SCR) and in the neutral regions of
a noncrystalline–crystalline heterojunction and contribute to
the total forward current: radiative recombination, Auger re-
combination, Shockley–Read–Hall (SRH) recombination, etc.
However an accurate analysis of the published– character-
istics suggests that the SRH recombination in the SCR is very
often the dominant mechanism [7]. This recombination current
mainly originates from the noncrystalline side of the junction
where, in addition to interface states, there is a continuous
trap distribution.

Consequently there is a need of an in-depth understanding of
the SCR recombination currents in noncrystalline/crystalline
heterojunctions in order to find the conditions under which
such a current may be minimized. Two main questions should
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be addressed: first, how should the classical theory of the
SRH recombination in the SCR be modified when there
is a continuous trap distribution within the gap; second,
how can the parameters of the heterojunction (bandgaps,
doping concentrations) modify the relative contribution of
each part of the SCR to the total recombination current in
noncrystalline/crystalline heterojunctions. We have dealt with
the first point in a recent work [8] and we now turn to the
second one. The objective, from a design point of view, is
to find criteria for minimizing the total SCR recombination
current in a noncrystalline/crystalline heterojunction while at
the same time discussing the restrictions introduced in the field
of device applications.

Generation-recombination currents in the SCR of a P-
N junction were first analyzed by Sahet al. [9]. In this
classical work, analytical expressions were derived by in-
tegrating the SRH recombination rate [10], [11] assuming
one single level trap located at midgap. This leads to the
well-known current dependence. The classical
theory was extended by Choo to an asymmetrical P-N junction
[12]. In this work, the effects on the recombination rate of
the doping concentrations, capture cross section, asymmetry
and energy level of the trap were analyzed but limited to
a single level. However neither the ideality factor nor the
activation energy of the saturation current were analyzed.
We recently studied the SRH recombination currents of an
asymmetrical P-N homojunction in the presence of discrete or
continuous distributions of recombination centers [8]. For a
single level trap analytical expressions were obtained showing
that, depending on the trap energy level within the forbidden
band, the ideality factor might be 2 or 1 and the energy
activation of the saturation current moves from to .

On the other hand, the work on noncrystalline/crystalline
heterojunctions has been mainly experimental. Up to now the
most successful results in silicon wide gap emitter HBT’s have
been obtained usingc-Si/a-Si C as the emitter, with a
current gain of 523 [4] and a cutoff frequency of 47 GHz
[5]. The analysis of the experimental Gummel plots from [5]
reveals that the base current is dominated by the recombination
current in the emitter–base SCR. However, as yet there is no
detailed study of the SRH recombination currents in the SCR
of silicon wide gap emitter HBT’s.

This work helps to fill the gap between the theoretical
analysis of wide bandgap emitter silicon HBT and the ex-
perimental results. First, Section II discusses a theoretical
formulation for the SRH recombination current in the SCR of
an abrupt PN heterojunction which includes a thermionic-field
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emission boundary condition at the heterojunction. For crys-
talline heterojunctions, analytical expressions are derived by
generalizing Searleset al.work [13] by including the Grinberg
et al. formulation [14], allowing a hole quasi-Fermi level dis-
continuity [15] and assuming arbitrary single level trap energy
inside the bandgap and different minority carrier lifetimes.
The study is restricted to the SRH recombination current and
neglects both radiative and Auger recombinations. In Section
III, the key parameters which determine the relative magnitude
of the SRH recombination current in each zone of the SCR
are obtained. The effects of the doping level and the material
parameters are studied separately in two specific cases. Finally,
in Section IV, we apply the theoretical framework developed to
an amorphous/crystalline abrupt heterojunction, and establish
design criteria for minimizing SCR recombination current. We
then use these criteria to discuss certain conditions which are
necessary for noncrystalline/crystalline heterojunction design.

II. CALCULATION OF THE SRH CURRENTS

The recombination-generation currents on each side of the
PN heterojunction follow from

(1)

where the total width of the SCR is given by .
In order to evaluate (1), an accurate expression of the

recombination rate is needed. Two different cases have
been analyzed: 1) a single level trap in the gap, as is quite usual
when dealing with crystalline materials, and 2) a continuous
trap distribution for noncrystalline materials (in this work
the N side). On the other hand, the inclusion of a generic
abrupt PN heterojunction leads to possible discontinuities in
the electron and hole quasi-Fermi levels and ,
respectively, as depicted in Fig. 1 [15], [16] that should be
known before evaluating . The presence of discontinuities
in the quasi-Fermi levels prevents the drift-diffusion formu-
lation from being used in the whole SCR. As it is usually
done [17], we use the drift diffusion formulation in
and linking both regions together with the current
continuity stated in the boundary condition.

A. Crystalline/Crystalline Heterojunctions

In crystalline materials, recombination is assumed to be
due to a dominant single level trap located at inside the
bandgap. So, the SRH recombination rate can be written as
[9]–[11]

n
(2)

where , are the electron and hole minority carrier lifetimes
within the SCR, n the intrinsic carrier concentration and p, n
are the free carrier concentrations. The termis defined as

n

(3)

Fig. 1. Band diagram of an abrupt N-large/P-small heterostructure under bias
and a schematic free carrier concentration profile.

where is the intrinsic Fermi level, the Boltzmann con-
stant, and the absolute temperature.

To obtain an analytical derivation, the electrostatic potential
must be linearized [12] and the semiconductors assumed to
be nondegenerate. The majority free carrier concentrations in
each part of the SCR are expressed as

p N

(4)

n N

(5)

where N and N are the doping density concentration in the
P and N region, respectively, the thermal voltage,

the applied voltage, and the built-in potential

N N
n

N
N

(6)

where N and N are the effective N- and P-side conduction
band densities of states, respectively, and the conduction
band discontinuity. Equation (6) is a generalization of the built-
in potential expression proposed by Searleset al. (9) in [13].
Both equations are identical if N N . In addition, (6)
can be derived by integrating Grinberg’s (9) [14] between
the contacts under equilibrium conditions. Moreover, using
the boundary condition at the heterointerface, which is given
by (20) in [14], the minority free carrier concentration in the
P-side of the SCR can be written as

n
n

p
(7)
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Parallel to the analysis done for electrons in [14], the following
boundary condition can be derived for holes:

p n
N
N

p

p
n (8)

where is the valence band discontinuity, n and p
are, respectively, the electron and hole concentration in the
N-side near the P-side junction, p is the hole concentration
on the P-side side of the abrupt boundary, and Nand N
are the N-side and P-side effective valence band densities of
states, respectively. From (8) we can obtain an expression for
the built-in potential which is equivalent to (6). Also from (8)
the minority free carrier concentration in the N-side region of
the SCR can be written as

p
n

n
(9)

Combining the set of equations (2)–(9), (1) can be analytically
solved by using integral 2.451 #4 in [18]. Then, we obtain
(10a) and (10b) with (11a) and (11b) shown at the bottom of
the page. The set of equations (10) and (11) give an analytical
solution for N-side and P-side recombination currents in a
generic PN crystalline/crystalline abrupt heterojunction.

Quasi-Fermi level discontinuities can be evaluated either
through approximate analytical expressions [14], [15], [19]
or exact numerical solutions using a current balancing at the
heterointerface [13]. This method involves determining the
tunneling factor , which can be calculated using the WKB
approach which assumes the barrier to be triangular [17],

[20], [21]. This current balancing can be adopted as a general
procedure for both quasi-Fermi level discontinuities.

Usually, for crystalline wide emitter HBT several additional
assumptions are also made to simplify the final expressions:
first, the recombination center is located exactly at midgap in
the space-charge region, ; second, the electron and
hole lifetimes within the SCR ( ) are constants; and
third, the hole quasi-Fermi level discontinuity is neglected,

. In this particular case, the generic solution is
reduced to Searleset al. model [13]

n

atan (12a)

n

atan (12b)

with (13a) and (13b) shown at the bottom of the next page.

B. Non-Crystalline/Crystalline Heterojunctions

The effects of the heterojunction on the distribution of the
recombination can be understood by analyzing crystalline het-
erojunctions. But, as we have pointed out in the introduction,
knowing how the SCR recombination is distributed between
the semizones is of practical interest mostly for devices where
one side is noncrystalline.

n
atan (10a)

n
atan (10b)

n n

n
N

(11a)

p p

n
N

(11b)

(11c)
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In the noncrystalline region of the SCR, the recombination
rate can be obtained by replacing (2) by [8]

n

(14)

where and are the cross sections for electrons and holes,
respectively, is the thermal velocity, the term is defined
as

n

(15)

and is the density of states inside the forbidden band.
In the most generic form, is written as a combination of
uniform, exponential and Gaussian profiles [22], [23]

N
(16)

The free carrier distribution can be found in the same way as in
the previous section. So, analytical closed forms are obtained
only for recombination currents arising from the crystalline
SCR side, while semi-analytical expressions are obtained for
those arising from the noncrystalline SCR side.

III. D ISCUSSION

In this section, the parameters which determine the distri-
bution of the recombination current between both sides of the
SCR of an abrupt heterojunction will be analyzed.

A simple but useful way of determining the relative magni-
tude of the SRH recombination currents arising from each SCR
side is to define the quotient, because it indicates from which
SCR side the total current arises. From (12) the ratio between
the SRH recombination currents generated in the P-side and
N-side can be written as

n
n

atan
atan

(17)

This ratio may be modified in two ways. First, by choosing
appropriate materials for the heterojunction (e.g., in a Al-
GaAs/GaAs heterojunction choose the Al fraction). Secondly,

Fig. 2. Saturation current density versus P-N doping ratio for the N-side
(full symbol) and P-side (empty symbol) of a PN GaAs homojunction, for
two doping references5� 10

17 cm�3 ( ) and1� 10
16 cm�3 (
).

the quotient can in principle be tailored by modifying the
doping concentrations which determine the SCR width, the
built-in potential value and its distribution between both zones
and the existence or not of discontinuities in the quasi-Fermi
levels and their value.

Below both options will be analyzed separately. First we are
going to qualify the effect of the doping concentration on the
relative magnitude of the SRH recombination current arising
from each side of the SCR. To isolate this variable we studied
a GaAs homojunction. Subsequently, we will study the effect
of the heterojunction together with the doping concentration
on the distribution of the SCR SRH recombination current.
To this end we will study the well-known AlGaAs/GaAs
heterojunction.

A. GaAs P-N Homojunction

In order to isolate the effects of the doping level in (17),
we first considered a PN GaAs abrupt homojunction diode.
In this case, all the material parameters (, n , N , and N )
are assumed to be constant and uniform throughout the SCR.
Moreover, . So, the current ratio
is obtained directly from the term in brackets in (17).

Fig. 2 shows the saturation current densities obtained from
each semizone separately as a function of the doping con-
centration ratio (N N ) for two reference values, N ,

n
N

(13a)

n
N

(13b)
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TABLE I
AlxGa1�xAs/GaAs PARAMETERS AS A FUNCTION OF THE ALUMINUM MOLE FRACTION x

Fig. 3. Ideality factor versus P-N doping ratio for the N-side () and P-side
(
) of a PN GaAs homojunction, for two doping references5� 1017 cm�3

(empty symbol) and1 � 10
16 cm�3 (full symbol).

cm and cm (N is the value for
which N N ). The total recombination current basically
arises from the less doped side, whether it is the N-side or
the P-side. Moreover, the value obtained decreases with the
doping reference value considered. The current arising from
the highest doped side also decreases drastically with doping.
It should be pointed out that this dependence is orders of
magnitude stronger than is to be expected from the variation
of the SCR width with the doping concentration.

Fig. 3 shows that the recombination current arising from
the lowest doped side of the SCR has an ideality factor,,
close to 2 while the ideality factor of the current from the
highest doped region tends to 1 as the doping ratio increases.
Moreover, these values do not depend on the reference value
chosen.

B. AlGaAs/GaAs Heterojunction

In this section a (N)AlGa As/(P)GaAs abrupt hetero-
junction is studied, but the conclusions obtained can be applied
to other heterojunctions. In the design, we are free to change
not only the doping ratio but also the material parameters, by
modifying the aluminum mole fraction. Table I shows the
dependence on of the different parameters assumed in the
calculations.

Two cases are discussed: N N and N N .
1) N N : When the N-side is assumed to be highly

doped, is found to be negligible. Following Perlman

Fig. 4. N-side (empty symbol) and P-side (full symbol)J–V characteristics
of an AlxGa1�xAs(N)/GaAs(P) abrupt heterojunction, usingx as a parameter.
The doping values are NA = 5� 10

17 cm�3 and ND = 1� 10
19 cm�3.

et al. [16], the band diagram has a negative reverse barrier
and the heterojunction operates basically as a homojunction.
Consequently, the recombination current is expected to arise
from the P-side (less doped). As an example, Fig. 4 shows
both components of the SRH current for N cm
and N cm , using the aluminum mole fraction
as a parameter. The P-side current is constant with, which
means that the quasi-Fermi level discontinuity is negligible.
On the other hand, the current from the N-side decreases
with because of the increase in the N-side bandgap and
the conduction band discontinuity. It can also be seen that, as
in the homojunction, the largest component which originates
from the lowest doped side has while the current from
the highly doped N side has .

2) N N : When the P-side doping is higher than the
N-side doping, as is typical in wide emitter GaAs-based
HBT’s, must be taken into account. In this case,
the band diagram has a positive reverse barrier and the
heterojunction operates as a metal-semiconductor junction
[16]. Consequently, the recombination current is expected to
arise from the N-side (less doped) and thermionic emission and
tunneling across the spike limit the total current. Fig. 5 shows
the – relation for the values N cm and
N cm . In this case, the current coming from
the P-side (cathode) decreases withbecause increases.
The current from the N-side of the SCR is the dominant term,
and it also decreases withdue to and effects.
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Fig. 5. N-side (empty symbol) and P-side (full symbol)J–V characteristics
of an AlxGa1�xAs(N)/GaAs(P) abrupt heterojunction, usingx as a parameter.
The doping values are NA = 1� 10

19 cm�3 and ND = 5� 10
17 cm�3.

Fig. 6. The ratio of the P-side/N-side recombination currents versus applied
voltage, using the aluminum mole fractionx of an AlxGa1�xAs(N)/GaAs(P)
abrupt heterojunction as a parameter.

Finally, the ratio of the recombination currents arising from
the P and N side is shown in Fig. 6, for two symmetrical
doping concentrations. From this example it follows that
by modifying the doping concentrations and the aluminum
contents of the anode we determine in a large extent the SCR
side where the recombination current will arise.

IV. A PPLICATION TO

NONCRYSTALLINE/CRYSTALLINE HETEROJUNCTIONS

The main interest in analyzing the relative contribution of
each SCR side to the total recombination current in bipolar
heterostructures is related to heterojunctions with noncrys-
talline material (amorphous or microcrystalline) on crystalline
material. In these devices, the recombination current at the
noncrystalline side is intrinsically large due to the high density
of states in the bulk and the interface.

As an example, Fig. 7 shows, that for an (N)a-SiH/(P)c-Si
heterojunction diode amorphous material increases the N-side
recombination current and decreases the P-side recombination

Fig. 7. N-side (full symbol) and P-side (empty symbol) recombination
current density versus the applied voltage for a c-Si (�) PN homojunction
diode and an a-Si:H(N)/c-Si(P) ( , 
) heterojunction diode. Experimental
data ( ) are from [29].

current, via the quasi-Fermi level discontinuity (10b). The
values used for the calculation are N cm ,
N cm , n (a-Si H) cm [22] and
(c-Si) s [24]. In the analysis, we have modeled the

bulk trap distribution in amorphous silicon as a combination
of uniform and exponential profiles. For the sake of simplicity,
and with no loss of generality, Gaussian profiles have not been
taken into account [24], [25]. Experimental values for the trap
band tail were cm eV , K,

cm eV [26]. Moreover, an increase
in the uniform density of states, cm eV ,
does not modify the P-side current and increases the N-side
recombination current [8]. Typical values for the cross section

cm have been fixed [22]. Finally,
interface states in amorphous material, N cm ,
are taken into account through the effective built-in potential
[27], [28]. Results are in good agreement with experimental
data previously reported [29].

Once the materials have been selected, the designer is only
free to change the N-side and the P-side doping density.
Applying the analysis described in Section III, we studied the
influence of the doping concentration on the– characteristic
and obtained a general rule which enables (N)a-SiH/(P)c-Si
heterojunction diodes with minimum total space charge recom-
bination currents to be designed. This analysis is also useful
for optoelectronics and heterojunction bipolar devices, and in
general the conclusions are valid for noncrystalline/crystalline
junctions.

Fig. 8 shows the total for several N , N doping
concentrations, and the other values are the same as in Fig. 7.
As in the analysis above, the total recombination current
arises from the lowest doped SCR side when doping levels
are asymmetrical, whether it is crystalline or noncrystalline.
The minimum value of the achievable total current becomes
saturated, when the recombination current arises from the
crystalline side. On the other hand, when the N-side is slightly
more doped than the P-side, there is a change in the slope of
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Fig. 8. Total recombination current density of an a-Si:H(N)/c-Si(P) hetero-
junction diode for several NA, ND values. Inset: for NA = 1� 10

16 cm�3

and ND = 1� 10
17 cm�3, the total current is shown together with depicted

the currents arising from the amorphous (—) and crystalline (- -) sides.

Fig. 9. P-side/N-side recombination current ratio versus the applied voltage
for an a-Si:H(N)/ c-Si(P) heterojunction diode for several NA, ND values.

the – characteristic. This is due to the fact that the current
arising from the amorphous side with a lower ideality factor
becomes dominant at high voltages.

Just as for the analysis of crystalline devices in Section III,
we were able to establish the ratio of the recombination current
arising from the P- and N-sides (see Fig. 9). From the figure,
we conclude that the recombination current at the N-side may
be several orders of magnitude smaller than the recombination
at the P-side, despite the presence of the density of states in the
amorphous material, if it is more doped. However, it should
be noted that the ratio value depends on the voltage applied
because both recombination currents have different ideality
factors.

The following general rule is obtained: if the additional
recombination current, introduced at the N-side of the SCR
because a noncrystalline material is used, is to be minimized,
the doping concentration of the noncrystalline side has to be

higher than the crystalline side. This is a severe restriction on
HBT applications: although the recombination current can be
minimized and, consequently, the current gain considerably
increased (useful for analog applications) simultaneous high
cutoff frequency can not be achieved. In fact, one of the
advantages of using heterojunctions at the emitter–base in
bipolar transistors is that the base can be highly doped with
no current gain degradation. This high base doping leads
to small values of the base resistance and enhances the
frequency performances. To circumvent this drawback, several
possibilities are currently being explored. One of them is to
reduce the recombination current at the N-side of the junction
by using microcrystalline materials which reduce the density
of states inside the forbidden band [4], [6], while enhancing
the conductivity of the layer. Alternatively, the non ideal
characteristics of the base current can be removed, as has been
pointed out by Kondoet al. [5], by shifting the P-N junction
from the heterointerface by forming a very thin N-type layer
below the heteroemitter layer.

V. CONCLUSIONS

A general formulation of the SRH recombination currents
in the SCR of a heterojunction has been developed. The
doping ratio and the discontinuities both in the bandgap and
the conduction band have been identified as the variables
which determine the quotient of the recombination currents
originated at each side of the SCR. Consequently, by prop-
erly choosing the ratio between the doping concentrations
on both sides of the junction, the origin of the measured
recombination current may be chosen. This is mainly useful in
junctions with highly asymmetrical lifetimes and in particular
in noncrystalline/crystalline heterojunctions.

Noncrystalline/crystalline heterojunctions have been ana-
lyzed as potential candidates for providing injector junctions in
wide bandgap emitter silicon HBT. The analysis shows that, in
order to minimize the SCR recombination current, the doping
concentration in the noncrystalline side should be higher than
in the crystalline side. This limits their application to high
current gain and low frequency devices. As a possible solution
to this drawback, the density of states in the noncrystalline
material can be reduced by using microcrystalline instead of
amorphous materials or the P/N junction can be removed from
the heterointerface.
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