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Abstract—This paper addresses the problem of the space charge be addressed: first, how should the classical theory of the

region Shockley-Read-Hall (SRH) recombination currents in SRH recombination in the SCR be modified when there
heterojunctions with one noncrystalline side. A formulation which ;

. ; oY X s a continuous trap distribution within the gap; second,
generalizes previous works is discussed. The approach is basecL h f the h . . band
on the drift-diffusion model with a thermionic-field emission ow can the parameters of the heterojunction (bandgaps,

boundary condition. The main physical parameters which de- doping concentrations) modify the relative contribution of
termine the relative contribution of each zone of the space each part of the SCR to the total recombination current in
charge region (SCR) to the total recombination current are noncrystalline/crystalline heterojunctions. We have dealt with
identified. The general analysis is applied for the first time 10 o first noint in a recent work [8] and we now turn to the
amorphous/crystalline heterojunctions and design criteria are . . . . -
established to minimize the total recombination current. 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-
.- INTRODUCTION N junction were first analyzed by Saét al. [9]. In this
MORPHOUS/CRYSTALLINE and microcrystalline/ classical work, analytical expressions were derived by in-
crystalline heterojunctions have been proposed tggrating the SRH recombination rate [10], [11] assuming
promising candidates for improving device performances. fime single level trap located at midgap. This leads to the
particular, a-SH/c-Si [1], [2], a-SiCH/c-Si [3], jc-Silc-Si [4], well-known exp(V/2Vr) current dependence. The classical
uc-Sifa-SiG./c-Si [5], anduc-SiClc-Si [6] have been used agheory was extended by Choo to an asymmetrical P-N junction
injector junctions in heterojunction bipolar transistors (HBT)12]. In this work, the effects on the recombination rate of
However, experimentally measured base currents are usuéiilg doping concentrations, capture cross section, asymmetry
higher than theoretically expected and most of the benefitsasfd energy level of the trap were analyzed but limited to
the heterojunction are lost. a single level. However neither the ideality factor nor the
Different recombination mechanisms may exist both in thgctivation energy of the saturation current were analyzed.
space charge region (SCR) and in the neutral regions \& recently studied the SRH recombination currents of an
a noncrystalline—crystalline heterojunction and contribute &symmetrical P-N homojunction in the presence of discrete or
the total forward current: radiative recombination, Auger resontinuous distributions of recombination centers [8]. For a
combination, Shockley—Read-Hall (SRH) recombination, etsingle level trap analytical expressions were obtained showing
However an accurate analysis of the publistie¥” character- that, depending on the trap energy level within the forbidden
istics suggests that the SRH recombination in the SCR is vdrgnd, the ideality factor might be 2 or 1 and the energy
often the dominant mechanism [7]. This recombination curreattivation of the saturation current moves frdiy/2 to E,,.
mainly originates from the noncrystalline side of the junction On the other hand, the work on noncrystalline/crystalline
where, in addition to interface states, there is a continuohsterojunctions has been mainly experimental. Up to now the
trap distribution. most successful results in silicon wide gap emitter HBT'’s have
Consequently there is a need of an in-depth understandingeen obtained usingc-Si/a-Si_,C, as the emitter, with a
the SCR recombination currents in noncrystalline/crystallirmirrent gain of 523 [4] and a cutoff frequency of 47 GHz
heterojunctions in order to find the conditions under whic}p]. The analysis of the experimental Gummel plots from [5]
such a current may be minimized. Two main questions shoukeleals that the base current is dominated by the recombination
current in the emitter—-base SCR. However, as yet there is no
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emission boundary condition at the heterojunction. For crys-

talline heterojunctions, analytical expressions are derived by AE M/
generalizing Searlest al. work [13] by including the Grinberg

et al. formulation [14], allowing a hole quasi-Fermi level dis- | "{ q AE g, T
continuity [15] and assuming arbitrary single level trap energy qVv
inside the bandgap and different minority carrier lifetimes. qAEg ¥ ' Eg
The study is restricted to the SRH recombination current and

neglects both radiative and Auger recombinations. In Section AE I
I, the key parameters which determine the relative magnitude v

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 -x 0 Xp
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.

Il. CALCULATION OF THE SRH QURRENTS

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

0 Ty -x 0 Xp
JsrH = ¢ / R(z)dz +q / R(z)dz "
—Tn 0 Fig. 1. Band diagram of an abrupt N-large/P-small heterostructure under bias
= JSRH, N+ JSRH, r (1) and a schematic free carrier concentration profile.

where the total width of the SCR is given BY = z, + .

In order to evaluate (1), an accurate expression of thghere F; is the intrinsic Fermi level the Boltzmann con-
recombination raté?(z) is needed. Two different cases havetant, andl’ the absolute temperature.
been analyzed: 1) a single level trap in the gap, as is quite usuato obtain an analytical derivation, the electrostatic potential
when dealing with crystalline materials, and 2) a continuoygust be linearized [12] and the semiconductors assumed to

trap distribution for noncrystalline materials (in this workye nondegenerate. The majority free carrier concentrations in
the N side). On the other hand, the inclusion of a generich part of the SCR are expressed as

abrupt PN heterojunction leads to possible discontinuities in V- Vi o
the electron and hole quasi-Fermi levelsE,, and AE,,, P,(z) =N4 -exp K b‘)( P )}

respectively, as depicted in Fig. 1 [15], [16] that should be Vr w

known before evaluating(z). The presence of discontinuities O<z<zp (4)
in the quasi-Fermi levels prevents the drift-diffusion formu- Na(z) =Np - exp [(V - Vbi) <a:n + xﬂ

lation from being used in the whole SCR. As it is usually Vr w

done [17], we use the drift diffusion formulation {r-z,, 07) —zp <z <0 (5)

and (0, ;) linking both regions together with the currentyneore N, and N, are the doping density concentration in the

continuity stated in the boundary condition. P and N region, respectivel¥z- = kT'/q the thermal voltage,
V the applied voltage, and,; the built-in potential

A. Crystalline/Crystalline Heterojunctions NANp NE

In crystalline materials, recombination is assumed to be Vii = Vr -In < n2 'Ng> +AEc 6)

due to a dominant single level trap locatedt inside the or

bandgap. So, the SRH recombination rate can be written ‘4a6r€ N and N are the effective N- and P-side conduction
[9]-[11] band densities of states, respectively, &l the conduction

(@)n(z) - n2(z) band discontinuity. Equation (6) is a generalization of the built-
PT)me i\E (2) in potential expression proposed by Seadéesl. (9) in [13].
§(@, Br) + m(@)p(x) _""TI’_(”U)”(“:_) _ Both equations are identical if N = NE. In addition, (6)
wherer,, 7,, are the electron and hole minority carrier lifetimegan pe derived by integrating Grinberg’s (9) [14] between
within the SCR, nthe intrinsic carrier concentration and p, Rhe contacts under equilibrium conditions. Moreover, using
are the free carrier concentrations. The ters defined as  he poundary condition at the heterointerface, which is given
&z, Ey) =20 (2) [ ma(@)7p(x) by (20) in [14], the minority fr(_ae carrier concentration in the

P-side of the SCR can be written as

E, — Ei(z) b () Ny p V —AEg,
- cosh { {Tx} +1n %} (3) Np(x) = DIT;?) - exp [V—Tf} O0<a<zp (7)

Rz, Ey) =
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Parallel to the analysis done for electrons in [14], the followinf0], [21]. This current balancing can be adopted as a general
boundary condition can be derived for holes: procedure for both quasi-Fermi level discontinuities.

N¥ Py AEy ) Usually, for crystalline wide emi_tter _HBT seyeral additior_1a|
NP b\ Xp "V =N , €xXp Vi ) assumptions are also made to simplify the final expressions:
oV =) ) . first, the recombination center is located exactly at midgap in
where ALy IS the valence band discontinuity,. and. R-) the space-charge regioft; = E; second, the electron and
are, respectively, the electron and hole concentration in thg|e |ifetimes within the SCR1{,, = 7,.) are constants; and
N-side near the P-side junction g is the hole concentration {hirg, the hole quasi-Fermi level discontinuity is neglected,

on the P-side side of the abrupt boundary, arfd &hd N AE = 0. In this particular case, the generic solution is
are the N-side and P-side effective valence band densitiess@juced to Searlest al. model [13]

PN

states, respectively. From (8) we can obtain an expression for an; WVy
the built-in potential which is equivalent to (6). Also from (8) Jsru, n(V) = % -
the minority free carrier concentration in the N-side region of " Vb‘
the SCR can be written as exp <W) -atan(¥y) (12a)
n? . V — AEy, r
p(z) = —— exp | ———— —zn <z <0. (9) qn;,p WVr
Mo () Vr Jsru,p(V) = VoV
Combining the set of equations (2)—(9), (1) can be analytically P v N AE
solved by using integral 2.451 #4 in [18]. Then, we obtain exp <Tf’“> -atan(Wp) (12b)
T

(10a) and (10b) with (11a) and (11b) shown at the bottom of
the page. The set of equations (10) and (11) give an analytigédth (13a) and (13b) shown at the bottom of the next page.
solution for N-side and P-side recombination currents in a
generic PN crystalline/crystalline abrupt heterojunction. ~ B. Non-Crystalline/Crystalline Heterojunctions

Quasi-Fermi level discontinuities can be evaluated eitherThe effects of the heterojunction on the distribution of the
through approximate analytical expressions [14], [15], [19kcombination can be understood by analyzing crystalline het-
or exact numerical solutions using a current balancing at tbeojunctions. But, as we have pointed out in the introduction,
heterointerface [13]. This method involves determining thenowing how the SCR recombination is distributed between
tunneling factory, which can be calculated using the WKBthe semizones is of practical interest mostly for devices where
approach which assumes the barrier to be triangular [18he side is noncrystalline.

o ()Y
N; n WV, Vi
Jspun(V) = —En T T _atar(¥x)  (10a)
v/ TonTpn Vi —V ox V- AEfp _ COSh2 E, — EZ‘7 n Tl Tli
P\Tw KT Tom
V- AEp
At L
T o ()
Jsri, p(V) = \/Z_T‘ e L .atar(¥p)  (10b)
up’pp 1 exp VvV — AEfn _ Cosh2 Et - Ei, P + ln @
Vr kT Tap
{VIRO) = BB} - sinh [ (V)]
Uy = _ (11a)
(V) -cosh {an(V) 41 [ (V) - 2+ [T 46,08 - cosh (V)
D nn
{\/o3(V) = 63(En) } - sinh [, (V)]
Up = (11b)
9,(V) - cosh {wP(V) +1In |9,(V) - % . ? } + 6,(E) - cosh [wp (V)]
A np
V —AE, V — AFE,
(V) =exp A ) I, (V) = exp A £ Ty = +/TnyTpy
2Vr 2Vr
_ Vbi—V & - Et—Ei7y ﬁi .
wy(V) —< oV ) W 8, (E;) = cosh {<7kT ) +In T y=mn,p (11c)
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In the noncrystalline region of the SCR, the recombination 10°F T o . | o | =

rate can be obtained by replacing (2) by [8] L

R(e) = /E 9(E)on(x)op(@)on [pla)n(z) ~ @)
o &z, B) 4 on(x) n(x) +op(z) - pla)

(14)

whereg,, ando;, are the cross sections for electrons and holes,
respectivelyyy;, is the thermal velocity, the tergf is defined
as

5w, B) =2ni(x)\/on(w)op(z)

Saturation Current Density (A cm'?)

E—E. o (a:) o1 Nj=5x107em™ N, =2x10"%cm ™
- cosh i 1 = 15 107 - -3 - = 7]
Cos [( T )—i— n ap(a:)] (15) i | Np =2x10"em™ IND45><1017Cm2 |
0.1 1 10
and g(F) is the density of states inside the forbidden band. N. /N
In the most generic forny(F) is written as a combination of AP
uniform, exponential and Gaussian profiles [22], [23] 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
G(E) = gu + go exp E-E, + g4 exp _—E two doping references x 10'" cm—3 (O) and1 x 10'¢ cm=2 ().
‘o KTy, KTy
_ e quotient can in principle be tailored by modifying the
(E - Ey)° th tient le be tailored by mod th

+ (16) doping concentrations which determine the SCR width, the

db
———— exp
TapV 27 built-in potential value and its distribution between both zones

The free carrier distribution can be found in the same way asand the existence or not of discontinuities in the quasi-Fermi
the previous section. So, analytical closed forms are obtainesels and their value.

only for recombination currents arising from the crystalline Below both options will be analyzed separately. First we are
SCR side, while semi-analytical expressions are obtained fiing to qualify the effect of the doping concentration on the
those arising from the noncrystalline SCR side. 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
. . . : ._af the heterojunction together with the doping concentration
In this section, the parameters which determine the d'StBh the distribution of the SCR SRH recombination current.

bution of the recombination current between both sides of the .. o4 we will study the well-known AlGaAs/GaAs
SCR of an abrupt heterojunction will be analyzed. heterojunction

A simple but useful way of determining the relative magni-
tude of the SRH recombination currents arising from each SCR : .
L ) . S A. GaAs P-N Homojunction
side is to define the quotient, because it indicates from whic _ _ _
SCR side the total current arises. From (12) the ratio betweerin order to isolate the effects of the doping level in (17),
the SRH recombination currents generated in the P-side aM@ first considered a PN GaAs abrupt homojunction diode.

2
2oy,

I1l. DISCUSSION

N-side can be written as In this case, all the material parameters f;, Nc, and N,)
Jsrir  Mip AE;, atar(¥p) are assumed toioe const_ant and Enlform throughout the_SCR.
¥ = cexp | — O\ | amneo |- (17) Moreover,AE: = AEy = AEy, = 0. So, the current ratio

SRH, N i r ) is obtained directly from the term in brackets in (17).

This ratio may be modified in two ways. First, by choosing Fig. 2 shows the saturation current densities obtained from
appropriate materials for the heterojunction (e.g., in a Aeach semizone separately as a function of the doping con-
GaAs/GaAs heterojunction choose the Al fraction). Secondigentration ratio (N/Np) for two reference values, Ny,

sinh Vi =V . In
2V w
N |4 Vbi -V Ln ni, n Tpn
cosh [2VT + < 2y ) W +ln<ND \ nm)}
. Vi—VY\ =
sinh [( Vo ) W}

V- A-Efn Vbi -V Tp n; P Tpp
h JR—— — ). =41 LR S A 4
cos l( 2Vy ) - < 2Vy ) W AN Y T

(13a)

U = (13b)
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TABLE |
Al . Gay — . As/GaAs RRAMETERS AS A FUNCTION OF THE ALUMINUM MOLE FRACTION x

Parameter Formula (0 < x < 0.45) Formula (0.45<x<1)
Band gap (V) 1.424 + 1247 x 1.9 +0.125 x +0.143 «°
Electron affinity (eV) 407-1.1x 346-0.14x
Electron effective mass (0.067 +0.083 x ) m,

Dielectric constant (13.18-3.12x) ¢,
Electron and hole lifetime (s) 10”°

2 T T T
1.8 - —
o
g
Q
8 <
S 16 — ~
2 z
= g
S N, =5x107em™ Na =2x10%cm™ a
5 l4r 18,3 17, -3 | =
= Np =2x10"ecm ™ Np =5x10""cm 5
l =
&)
12+ 7 o
1 ! | ! 107 o o I |
0.1 1 10 0.2 0.4 0.6 0.8 1 1.2
N4 /Np Applicd Voltage (V)

Fig. 3. Ideality factor versus P-N doping ratio for the N-sidl§) end P-side g 4. N-side (empty symbol) and P-side (full symb@hV characteristics

(O) of a PN GaAs homojunction, for two doping references 107 em™  ofan Al Ga . As(N)/GaAs(P) abrupt heterojunction, usings a parameter.

(empty symbol) and x 10'¢ cm™ (full symbol). The doping values are N= 5 x 1017 cm™3 and Ny = 1 x 10 cm3.

1 x 10'6 cm=2 and 5 x 10*” cm™2 (N, is the value for et al. [16], the band diagram has a negative reverse barrier

which N4 /Np = 1). The total recombination current basicallyand the heterojunction operates basically as a homojunction.

arises from the less doped side, whether it is the N-side Gonsequently, the recombination current is expected to arise

the P-side. Moreover, the value obtained decreases with fhem the P-side (less doped). As an example, Fig. 4 shows

doping reference value considered. The current arising frdsth components of the SRH current fog N= 5 x 1017 cm™3

the highest doped side also decreases drastically with dopiagd Np = 1 x 10!? cm™3, using the aluminum mole fraction

It should be pointed out that this dependence is orders a$ a parameter. The P-side current is constant witivhich

magnitude stronger than is to be expected from the variatioreans that the quasi-Fermi level discontinuity is negligible.

of the SCR width with the doping concentration. On the other hand, the current from the N-side decreases
Fig. 3 shows that the recombination current arising fromith = because of the increase in the N-side bandgap and

the lowest doped side of the SCR has an ideality facgor, the conduction band discontinuity. It can also be seen that, as

close to 2 while the ideality factor of the current from thén the homojunction, the largest component which originates

highest doped region tends to 1 as the doping ratio increadesm the lowest doped side has= 2 while the current from

Moreover, these values do not depend on the reference vdloe highly doped N side hag = 1.

chosen. 2) N4 > Np: When the P-side doping is higher than the
i . N-side doping, as is typical in wide emitter GaAs-based
B. AlGaAs/GaAs Heterojunction HBT's, AE;, must be taken into account. In this case,

In this section a (N)AIGa _,As/(P)GaAs abrupt hetero-the band diagram has a positive reverse barrier and the
junction is studied, but the conclusions obtained can be applieeterojunction operates as a metal-semiconductor junction
to other heterojunctions. In the design, we are free to chandé]. Consequently, the recombination current is expected to
not only the doping ratio but also the material parameters, hyise from the N-side (less doped) and thermionic emission and
modifying the aluminum mole fraction. Table | shows the tunneling across the spike limit the total current. Fig. 5 shows
dependence on of the different parameters assumed in ththe I-V relation for the values N = 1 x 10 cm=2 and
calculations. Np = 5 x 1017 cm3. In this case, the current coming from

Two cases are discussedpNs> N4 and Ny > Np. the P-side (cathode) decreases withecause\ £, increases.

1) Np > N4: When the N-side is assumed to be highifhe current from the N-side of the SCR is the dominant term,
doped, AEy, is found to be negligible. Following Perimanand it also decreases withdue to £, and AE¢ effects.
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|

Current Density (Acm"z)
Current Density (Acm‘z)

I |

|

0.2 0.4 0.6 0.8 1 1.2 0.1 0.2 0.3 04 0.5 0.6 0.7

Applied Voltage (V) Applied Voltage (V)
Fig. 7. N-side (full symbol) and P-side (empty symbol) recombination
current density versus the applied voltage for a c<§i RN homojunction
diode and an a-SH(N)/c-Si(P) (, Q) heterojunction diode. Experimental
data (-) are from [29].

Fig. 5. N-side (empty symbol) and P-side (full symb@#hV" characteristics
of an Al Ga; — . As(N)/GaAs(P) abrupt heterojunction, usin@s a parameter.
The doping values are N=1 x 10" cm™ and Np = 5 x 10" cm—3.

_____ T
~~~~ N, =5x10"7em™

current, via the quasi-Fermi level discontinuity (10b). The
Tl .. values used for the calculation aresN= 1 x 106 cm3,

"""""" Np =7 x 10*° cm=3, n;(a-Si:H) = 5 x 10> cm—3 [22] and
7(c-Si) = 5 ps [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 wereg, = 1x10** cm™3 eV, Ty = T = 450K,
o = gq = 1 x 10%2° cm—3 eV~! [26]. Moreover, an increase
in the uniform density of stateg,, = 1 x 10*7 cm—2 eV,
does not modify the P-side current and increases the N-side
recombination current [8]. Typical values for the cross section
0-2 04 06 08 ! 2 4, = 0, = 5 x 1075 cm? have been fixed [22]. Finally,

Applicd Voltage (V) interface states in amorphous materia); N 2 x 101! cm2,
Fig. 6. The ratio of the P-side/N-side recombination currents versus appliade taken into account through the effective built-in potential
voltage, using the aluminum mole fractiarof an Al Ga —.AS(N)/GaAs(P) - [27] [28]. Results are in good agreement with experimental
abrupt heterojunction as a parameter. .
data previously reported [29].

Finally, the ratio of the recombination currents arising from Once the materials have been selected, the designer is only
the P and N side is shown in Fig. 6, for two symmetricdtee to change the N-side and the P-side doping density.
doping concentrations. From this example it follows thapplying the analysis described in Section Ill, we studied the
by modifying the doping concentrations and the aluminuifluence of the doping concentration on thé” characteristic
contents of the anode we determine in a large extent the S@mJ obtained a general rule which enables (N)a-&iP)c-Si

Current Density Ratio

& i N, =1x10em ™

___________ | ND=51><1017cm"3:

side where the recombination current will arise. heterojunction diodes with minimum total space charge recom-
bination currents to be designed. This analysis is also useful

IV. APPLICATION TO for optoelectronics and heterojunction bipolar devices, and in
NONCRYSTALLINE/CRYSTALLINE HETEROJUNCTIONS general the conclusions are valid for noncrystalline/crystalline

The main interest in analyzing the relative contribution gtinctions.
each SCR side to the total recombination current in bipolar Fig. 8 shows the total/lsgy for several Ny, Np doping
heterostructures is related to heterojunctions with noncry@ncentrations, and the other values are the same as in Fig. 7.
talline material (amorphous or microcrystalline) on crystallinAs in the analysis above, the total recombination current
material. In these devices, the recombination current at tagses from the lowest doped SCR side when doping levels
noncrystalline side is intrinsically large due to the high densigre asymmetrical, whether it is crystalline or noncrystalline.
of states in the bulk and the interface. The minimum value of the achievable total current becomes

As an example, Fig. 7 shows, that for an (N)at$i{P)c-Si saturated, when the recombination current arises from the
heterojunction diode amorphous material increases the N-sagstalline side. On the other hand, when the N-side is slightly
recombination current and decreases the P-side recombinatitore doped than the P-side, there is a change in the slope of
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0 " T T - higher than the crystalline side. This is a severe restriction on
 Na(em 7) Nptom 7) ] HBT applications: although the recombination current can be
minimized and, consequently, the current gain considerably
increased (useful for analog applications) simultaneous high
7 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
1 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

O] 1x10'®  1x10'®
Ol 1x10 1x107
O 1x10"  1x10%
1x10"%  1x10'®

'
[

Total Current Density (Acm-2)

107 . by using microcrystalline materials which reduce the density
) ) ) . . , of states inside the forbidden band [4], [6], while enhancing
0.1 0.2 0.3 0.4 0.5 0.6 0.7 the conductivity of the layer. Alternatively, the non ideal
Applied Voltage (V) characteristics of the base current can be removed, as has been

. o . _ pointed out by Kondeet al. [5], by shifting the P-N junction
Fig. 8. Total recombination current density of an a-%N)/c-Si(P) hetero- . . .
junction diode for several N, N;, values. Inset: for N = 1 x 10'® cm=3 from the heterointerface by forming a very thin N-type layer
and Np = 1 x 10'7 cm~3, the total current is shown together with depictedbelow the heteroemitter layer.
the currents arising from the amorphous (—) and crystalline (- -) sides.

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-
[ O b0 b 7 erly choosing the ratio between the doping concentrations
. 1:318 1:216 ] on both sides of the junction, the origin of the measured

L < recombination current may be chosen. This is mainly useful in
" w junctions with highly asymmetrical lifetimes and in particular
L - in noncrystalline/crystalline heterojunctions.

- Noncrystalline/crystalline heterojunctions have been ana-
107 lyzed as potential candidates for providing injector junctions in
o 0'2 0'3 0‘4 0'5 o wide bandgap emitter silicon HBT. The analysis shows that, in
' ' ' ' ’ ' order to minimize the SCR recombination current, the doping
Applied Voltage (V) concentration in the noncrystalline side should be higher than

Fig. 9. P-side/N-side recombination current ratio versus the applied voltaie the crystalline side. This limits their application to high
for an a-SiH(N)/ c-Si(P) heterojunction diode for severalsNN,, values. current gain and low frequency devices. As a possible solution
to this drawback, the density of states in the noncrystalline

the I-V characteristic. This is due to the fact that the currefffaterial can be reduced by using microcrystalline instead of
arising from the amorphous side with a lower ideality factd@morphous materials or the P/N junction can be removed from

becomes dominant at high voltages. the heterointerface.
Just as for the analysis of crystalline devices in Section lll,
we were able to establish the ratio of the recombination current
arising from the P- and N-sides (see Fig. 9). From the figure, The authors thank A. Garijo for his support throughout.
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 ti 5. symons, J. Nijs, and R. P. Mertens, “The emitter-base interface
amorphous material, if it is more doped. However, it should current in silicon bipolar transistors with emitters deposited by plasma-
be noted that the ratio value depends on the voltage applied iggghced CVD,TEEE Trans. Electron Devicespl. 36, pp. 2889-2894,
because both recombination currents have different idealifg] P.Li, Y. Q. Li, and C. A. T. Salama, “A heterojunction bipolar transistor

factors. with a thin «-Si emitter,” IEEE Trans. Electron Devicesjol. 41, pp.

. . . . " 932-935, 1994.
The following general rule is obtained: if the additional [3] k. Sasaki, M. M. Rahman, and S. Furukawa, “An amorphous SiC:H

recombination current, introduced at the N-side of the SCR emitter heterojunction bipolar transistolEEE Electron. Device Lett.,
; . . - vol. EDL-6, pp. 311-312, 1985.
because a noncrystalline material is used, is to be minimizeg, Sasaki, T. Miyajima, Y. Kubota, and S. Furukawa, “Geniune wide-

the doping concentration of the noncrystalline side has to be bandgap microcrystalline emitter Si-HBT with enhanced current gain by
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