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Junction recombination current in abrupt junction diodes
under forward bias

Richard Corkish® and Martin A. Green®
Centre for Photovoltaic Devices and Systems, University of New South Wales, Sydney 2052, Australia

(Received 5 February 1996; accepted for publication 18 May 1996

A new, analytical method is presented for calculating the depletion-region recombination current for
abrupt-junction diodes under forward bias. The method is appropriate when the recombination
current is dominated by recombination through Shockley—Read—Hall centers at a single energy
level whose density does not vary strongly with position through the device. The new model is
systematically compared with earlier models and with the results of finite-element analyses using
PC-1D. If it is reasonably assumed that PC-1D is the most accurate of the methods considered here,
the others may be ranked according to their proximity to the PC-1D result. It is shown that the new
method, despite its simplicity, yields results closer to PC-1D than the earlier models for many
practical situations. In addition, it is shown that one existing model may be brought into agreement
with the finite-element analysis by a simple modification of the limits of integration.1996
American Institute of Physic§S0021-897®6)07216-7

I. INTRODUCTION current contribution from the space-charge region is found

) by integrating the recombination rate over this region:
Sah, Noyce, and ShocklySNS presented in 1957 the

first comprehensive theory for modelling carrier generation 3 =
LT ) ) g=0 | U dx (3)
and recombination in the space-charge region pfrajunc-

tion and their expressidrfor the generation-recombination o, the Jimits of integration are the boundaries of the space-
current under small forward bias remains in common use. "&harge region (SCR. According to the depletion

that work the doping density on each side of the junction Wa%pproximatior? these boundaries are given by
assumed equal. Chdextended the SNS theory to include ’
asymmetrically doped devices and the resulting expre$siofVn=WNa/(Na+Np), W,=WNp/(No+Np), (4)

fqr the current under small forward bias is also frequently\,\,hereNA andNp, are the concentrations of ionized acceptor
cited. However, although those trgatméﬁtsare the most  and donor dopants on the andn-type sides of the junction
heavily cited in this area, neither gives good agreement, iRespectively, andW, and W, are the thicknesses of the

general, with more precise calculations. In each of thes‘%pace-charge region on tipe and n-type sides of the junc-
models there is assumed to be a uniformly distributed set of 5, The overall width of the SCR is given by
Shockley—Read—HallSRH) generation-recombination cen-

ters at a single energy level within the band gap. The recom-  W=W,+W,=[2€/q(Vyi—V.)(Na*+NpH]¥%  (5)

bination rate in steady state is givenby whereV,; is the built-in voltage of the junction is semi-
conductor’s permittivityq is the electronic charge, and, is
U(x)=[n(x)P(x) = nfI{ 7no[ P(X) + Pa] the bias voltage.
. It should be noted that numerical modefiigas shown
+7pol N N} (D) that the depletion approximation does not always give a good

description of the extent of the SCR when the doping densi-
wheren; is the intrinsic carrier concentratiom,g, 7o are  ties on either side of the abrupt junction are unequal. How-
(excess carrier lifetime parametetsddependent on the cap- ever, in the absence of a more precise definition of the SCR
ture cross section and density of the centers, and in order to maintain consistency with preceding studies
of SCR recombination current, we use E§) to define the
SCR. In particular, the depletion approximation tends to un-
derestimate the extent of the region on the heavily doped
side within which the space charge is significant. Conse-
are the carrier concentrations if the Fermi level were to lie aguently, the boundaries described by E4). do not always
E;, the energy level of the recombination centers, Bnds  enclose the entire region within which the electric field is
the intrinsic energy level. The recombination rate is a func-significant and care must be exercised, when calculating
tion of position due to the variation of the carrier concentra-overall diode currents, to appropriately model the regions
tions with distance but the lifetime parameters are assumegeyondw, andW,.
to be independent of position. The generation-recombination  |n order to simplify the calculation, both SNS and Choo
assumed a linear variation of electrostatic potentia(x),

ny=n; exd(E—Ej)/KkT], p,=n; exd(Ei—E)/kT] (2)

aEjectronic mail: r.corkish@unsw.edu.au across the space-charge region or, equivalently, assumed that
YElectronic mail: m.green@unsw.edu.au the electrostatic field is constafzt its average valyeacross
J. Appl. Phys. 80 (5), 1 September 1996 0021-8979/96/80(5)/3083/8/$10.00 © 1996 American Institute of Physics 3083

Downloaded-27-Aug-2009-t0-129.94.59.243.-Redistribution-subject-to-AlP-license-or-copyright;-see-http://jap.aip.org/jap/copyright.jsp



the space-charge region. A maximum error of 50% in the

field value is attributed by SNS to this approximation and we o
note that the generation-recombination current is inversely —®
proportional to the field. Results derived in this work show S~
that errors can occur which are far in excess of this level. 5 ‘g,;
Several attempts have been made to derive approximate ana- £ g
lytical methods for calculating the generation-recombination 'g o
current without resort to the latter assumption of average Q
electrostatic field. Sah, Noyce, and Shockley, in their ideal- &

ized modeP considered a symmetrical junction with equal
lifetimes and recombination centers at the intrinsic Fermi
level, E; . In that case the value of the field at the junction,
rather than the average value, was used to calculate the
generation-recombination current. Van der ﬂq&iomted out FIG. 1. Shockley—Read—Hall recombination rateeas %gunctlon of distance
. . . . . perpendicular to an abrupt, symmetrically dog&6*® cm™3) Si p-n junc-
that for such an idealized case the integrdnidhas its maxi-  tjon. Trap energy is equal to the intrinsic energy and the forward bias is 0.2
mum value U ., at the metallurgical junction and only the V. The product of the lifetime parameterg, 7y, is set to 10'?s? and the
region close tdJ,,, makes a major contribution to the cur- parameter for the different curves is their ratige/ 7,,0. Values for that ratio

. . are:(a) 1, (b) 10, (c) 1%, (d) 10, (e) 107, (f) 1C°, (g) 10P, (h) 107, (i) 1, (j)
rent. In a more general treatment, Simeonov and Ivandbich 10°, (k) 10'°. The vertical lines are the positions of the junction and the

argue that the recombination rate is negligible when the ponoundaries of the depletion region.
tential differs from its value al,,.,, by more than two to

three timexkT/q and, hence, assume a constant value of the

electrostatic field equal to its value at, (the position at
which U, 0ccurs, which is generally not at the metallurgi-
cal junction. Parikh and Lindholni? in their treatment of
SCR recombination in heterojunction bipolar transistors, ex-
pand the potential variation with position in a Taylor series
and discard all but the linear term. CHdoecently modified
his earlier work by replacing the average field with the field

0.5

Distance from junction (um)

obtain an approximation to the recombination current in
abrupt junctions under forward bias. Our techniques for
modelling space-charge recombination using PC-1D are de-
scribed in Sec. IV and in the following section we compare
our new method with PC-1D and with other analytical meth-

t Shu derived a simol imation for th ods from the literature. All calculations assume a tempera-
atXy,. shur-derived a simple approximation for Ine recom- .o 4t 300 K. We ignore the contribution to the recombina-

b|nat||on c(;Jge_nltE, I|m|t§dsto S'tu?}'%‘; whb?_rehthde l'fet'mis (;ar tion current of trap-assisted tunnellh‘?gPrellmmary reports
equal andk, and Starosel'skir published a method ¢ i \vork have appeared elsewh@?é!

which requires the experimental determination of two param-
eters. _ _ Il. FORM OF U(x) WITH LIFETIME AND DOPING

Nussbaunf expressediy/dx analytically and avoided ASYMMETRIES
reliance on an assumption of a constant field value or on the
depletion approximation. He was thus able to integtate A Lifetime asymmetry
merically) in two steps, one each side of the junction. In one  Figure 1 shows the recombination rate as a function of
sense, this solution is “exact” but the results disagree withposition as predicted for a am-thick, symmetrically doped
the other methods considered here since the locations corréN,=Np= 10" cm™3) silicon diode withE,=E; by the fi-
sponding to these potential limits lie beyond the SCR boundnite element program, PC-1D. For each curve, the forward
aries defined by Eq(4). The difference arises from three bias has been set to 0.2 V and the parameter for the set of
separate causes. Firstly, the depletion approximation do&sirves is the ratio of théexcess carrier lifetime parameters,
not define boundaries for the SCR where the electric fieldr,y/7,,. The product of the lifetimes is held constant at
falls to zero and in most real cases the electric field is non1><10 12°& For equal lifetimes the recombination rate is
zero atW, andW,,. Secondly, under forward bias there exist strongly peaked at the location of the metallurgical junction
ohmic voltage drops across the “bulk” regiohSFinally, as  and declines towards the same constant value in each bulk
discussed above, the depletion approximation is not always region. Changing the,o/ 7, ratio moves the peak in the
good description of the SCR when the doping densities omecombination rate towards the side in which the minority
either side of the junction differ significantfyln Appendix  carrier lifetime is shorter. In our example, an increase in
A we give an alternative derivation for Nussbaum’s method.7,o/ 7,, causes more recombination to occur on fhype
We also show that if the limits of integration are changed toside of the junction than on thetype side. The peak in the
$=0.XKT and y=V,—V,—0.%XKT, then we obtain excellent recombination rate eventually moves outside the depletion
agreement with values derived from PC-1D using the spatialegion (as defined by the depletion approximadiand be-
limits of Eq. (4). comes less prominent. For these cases of very great asym-

In this work we first calculate, using the PC-1D finite metry in the lifetimes, the recombination rate across approxi-
element analysis packad®and discuss the form of the re- mately 30% of the SCR adjoining the bulk region with low
combination rate versus position functiod(x), as it de- minority-carrier lifetime is essentially the same as the rate in
pends on asymmetries in the carrier lifetimes and dopinghat bulk region. Ideality factors can approach unity for large
densities. In Sec. Ill we introduce a new analytical method tovalues of lifetime asymmetr§? For these cases, the useful-
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ness of separating the recombination into bulk and SCR

components is open to question. It is also worth noting that %
since the bulk thickness will usually greatly exceed that of E -
the SCR the SCR recombination current will usually be neg- SH
ligible in comparison to bulk current when electron and hole "g' E
lifetimes differ by several orders of magnitude. S ©
For each curve in which a peak is clearly evident in Fig. g g
1, there is some “spillover” of enhanced recombination rate 8T
from the SCR into each bulk region. When the asymmetry is o

small, this spillover is unimportant since only an insignifi- ) ” 1
cant fraction of the total recombination current would be Distance from junction ( pm)
neglected if the limits of the integral in E(B) are set to the

SCR edges given by the depletion approximatidrHow- 4 )
ever, a significant fraction of the recombination current may %

not be accounted for in cases like some of those shown in c ’i 3t

Fig. 1 (see, for example, the curve corresponding to S

rp0/7n0=106) in which the spillover excess recombination ps g 2

rate approaches the peak value in the SCR. Nussbaum's & ~

theory, without modification of the limits of integration, in- § e 1

cludes all the spillover recombination as well as the bulk -

recombination on both sides of the junction up to the points x© 0

where the potential ceases to vary with distance. 02 0 02 04 06 08 1

Distance from junction (um)
B. Doping asymmetry

We also used PC-1D to model the effect of doping':'G_- 2. Effect of doping asymmetry on the Sho;kley—Read—HaII reco_mbi-
. nation rate as a function of distance perpendicular to an abrugt-1si

aSYmme”}’ on the f(_)rm d.fJ(X) F'gu'_’e Za) ShOVXS thegeffeCt junction when the doping is varied dn) the side of the junction opposite
of increasingN while keepingN, fixed at 18* cm 2 and  that on which the recombination rate is maximum &adon the same side.
Fig. 2(b) has the results of reducind, , while N is fixed at ~ Trap energy ig equal( t)o the intrinsic energy, the forward bias is 0.2 V and

8 -3 ; inati o= Tho=10 ° s. In (a) the acceptor doping level is maintained equal to
10'° cm™. The peak in the recombination rate moves aways, cm 2, while the donor doping is set @ 104, (b) 105, () 10°, (d)
from the more heavily doped side of the junction but in each;7 o2 | (b) the donor doping is fixed at #bcm™2 and the five peaks,

case the peak is contained well within the boundaries of th@om left to right, correspond to acceptor concentrations df 110", 10,
SCR. 105, and 16% cm™3.

IIl. NEW APPROXIMATION FOR RECOMBINATION
CURRENT

In this section we present a new approach to the estimaand hole concentrations at which the recombination rate is
tion of recombination current in abruptn junctions under maximum to be found by differentiation of the denominator:
forward bias. The theory applies directly to situations in
which the maxi_mum_ value dfl (x) occurs on the-type side n(Xy) = (TnO/TpO)llzni exd qV./2kT],
of the abrupt junction and extension of the theory to the

n-type side is straightforward. "
Xm) = / n; exd qV./2kT]. 7
A. Cases where U(x) strongly peaked P(Xim) = (7po/ 7o) i X4 Va/2KT] 0
Assuming constant quasi-Fermi levels across the depleSince the carrier concentrations at any two poirsandx,,
tion region and in the neutral bulk for the respective majorityare related by the electrostatic potential differefite,
carrier?® we have

, N(Xa)/N(xp) = exp{a[ ¢(Xa) = (xp) 1/ (KT)}, 8
np=n; exdqVa/(kT)], (6)
we may now express the recombination rate as a function of

whereV, is the potential between the contacts. This allgvs the potential difference from the point of maximum recom-
to be eliminated as a variable from E3) and the electron bination rate x,:

nZ{exdqV,/(kT)—1]}

U(Ay)=
) P (X X~ QA GI(KT) T+ o0 () EXFLGA 1 (KT) 1T 700D+ o0z
=n;sint{ qVa/(2kT) J{(o7p0) *A(cosHqA 4/ (kT) ]+ B)} 77, 9
J. Appl. Phys., Vol. 80, No. 5, 1 September 1996 R. Corkish and M. A. Green 3085
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wheré&® B. Cases where U(x) is step-like

B:[n1(7p0/7n0)1/2+ pl(TnO/TpO)llz] For the situations shown in Fig. 1 to resultUr{x) func-
. tions which are not strongly peaked but are, instead, step-
x{2n; exd qVa/(2kT)]} (10 Jike, the integration between infinite limits in Eql4) is

inappropriate since it will result in an over-estimation of the

recombination current. This situation occurs for large life-

time asymmetries at low voltages and moderate asymmetries
r higher voltages. Ifr,g< 7y, as has been assumed here,

and Ag=(x) — (X, . In our previous work! a value of
zero was assumed fg8 in Eq. (9). The potential can be
expanded as a power series about its value,atSince we
assume in this section that the recombination rate is strongl i | )
peaked! aroundx,,, a good approximation to recombination /€N Tpo(N+N1) May be the dominant term in the denomi-
rates near the maximum may be obtained by retaining onif&t°r of Ed.(1). Then,

the linear term of this expansidAThis amounts to assuming U~n¥exdqVa/(kT)]— 1} mpo(n+ ny)] L. (15)

a constant value of electrostatic fi€ldequal to its value at ] . )

X, corresponding to the following linear approximation for W& approximate the integral of E¢3) by “squaring off”

the potential variation, the actualUu(x) function (see curves for which,,< 7y, in
Fig. 1) so that it is described by E¢L5) between the edge of
Ap(x)=F(Xm)AX, (11)  thep-type bulk and some poing(n=n*), and by zero else-

where. We call the range of E(L5), Ax*. In order to make
such an approximation it is necessary to assume some con-
stant value for the minority carrier concentration through-
out the region wher# is significant. We use = ny p,«[see

where AX=x—X,. If we assume thax,, is on thep-type
side of the metallurgical junction then the field at the point of
maximum recombination is given kgee Appendix B

F(Xm)=((2kT/€){Na IN[pp pui/ P(Xm) 1= Pp, buik Eq. (B12)]. The value ofn* is found by solving Eq(15) for
12 n whenU is equal to the arithmetic mean of the recombina-
+P(Xm) = Mg, pukt N(Xm) 1) 75 (12) tion rates in the two bulk regions,

wherep,, i @andn, i are the carrier concentrations at the U =05-NZ1+n-L InZexdaV./(kT)—1
edge of thep-type bulk region(see Appendix B The ex- mean po [No pobu M1 EXHLGVal (KT (}1’6)

pression given by Chddfor the field atx,, is identical if we o _
exchangeN,, for Np and invert the ratio of lifetime param- Where majority bulk electron concentration Ea_s been ap-
eters. These changes merely allows for our assumption th@foximated by the doping densitil, . Hence,n™ is given
Xm IS on thep-type side of the junction since Choo assumes?Y
the opposite case. _ . n*={exgqVa/ (kD] = L} (Umeatpo) =Nz (17)
We may now integraté (x) according to Eq(3). Since _ . _ )
the recombination rate is strongly peaked near the maximurdn order to findAx*, the range over which Eq15) is as-
the results of the integration do not strongly depend on théUmed to be valid, we first find the potential difference
boundaries to the integration. Hence, we extend the limits of€T0Ss the range from E¢g),
integration to* in order to obtain an analytical solution. Ag=KT/q In(n* /Ny by (18)
As we shall show, the consequences of this assumption are ] . . o
not serious enough to prevent us from obtaining a more ad..,lnder Fhe assumption of quadratlc.spatlal variation of poten-

realistic situations. Equatiof8) becomes, under our assump- Plied over the region of interest, we have the following ex-

tions, pression forAx*:
- Ax* ~[2A el (NA) ]V (19
Jrg(1)~qf_ U dx nd
~2qLen; SINQVa/(2KT)]( 7o/ 7po) ™2 Jrg(2)~an¥{exd qV./(kT)] -1}
o XAX*[ Th0(N +ny)] L (20)
XJ (coshu+ B8) du, (13 [ 7po(Np,buict N1) ]
0

C. Overall solution
whereu=Ax/Lg, Le=kT/[gF(Xy)], and AX=X—X,,. The
integral may be solved analytically using a standard
expressiorf>

Our final estimate for the recombination current is found
by artificially combining the two expressions fdfy(1) and

Jig(2):
= du _ p2\1R2 =3 1)+3 2 (21)
o Bicoshu~2(1-A) P arctai(1-5%) rg —Jrg (1) 3rg7(2).
. ) Figure 3 showsl,, J,4(1), andJ,4(2) as functions of life-
X(1+p)"7], p°<1 time asymmetry for a symmetrically doped junction at 0.2 V
=(B2—1) Y2 In{[ B+ 1+ (8>~ 1) forward bias. The curreng, , is approximated by, (1) for

small differences in the lifetimes and by,4(2) when
X[B+1—-(B2-DM ™Y, p2>1. (14  r<mp.

3086 J. Appl. Phys., Vol. 80, No. 5, 1 September 1996 R. Corkish and M. A. Green
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~¥-- PC-1D
- Ref.2 —B—Eq.A9
V- Ref.4 4 Ref. 13
—<—Ref.28 % Ref. 21
X Ref. 14 —*—Eq. 21

-
o ]
T

- -7 .
10°L . e 10 ‘
16° 10" 10 10° 10* 16° 10° 107 10° 10° 10" 10° 10° 10* 10° 10° 10" 10°

Tp0/ Tno p0 / tno

Recombination current

FIG. 3. Components of the junction recombination current according to thé=IG. 4. Depletion-region recombination current as a function of lifetime
model presented in this work. The recombination current is approximated bsymmetry. Trap energy is equal to the intrinsic energy, forward bias is 0.4
Jrg(1) when the lifetime asymmetry is small and baq(Z) when it is large. Vv and the product of the lifetime parametergoo, is set to 10 s,
The results were calculated by assumingr,,=10 2 &%, Ny=Np=10'
cm3 E,=E;, and forward bias of 0.2 V.
and earliet! models achieve good agreement with PC-1D
throughout the range of lifetime asymmetry. Simeonov and
Ivanovict® have good agreement with PC-1D for asymme-
try <10*. The SNS andoriginal) Chod models both over-
For the PC-1D modeling we used the silicon data set an@dstimate the current by a facter2 for low asymmetry and
all surface recombination velocities were set equal to zeroSNS grossly overestimate at high asymmetry. Choo’s modi-
This affects bulk current components but not depletion refied modet® agrees well with the numerical calculations for
gion current. Each side of the junction was described as gmall asymmetry but not Whebe/Tn0>104. Only one point
separate regioff Our PC-1D current values are estimated calculated from Shur®é expression has been included in
from the differences in current across the S@R defined by  Fig. 4 since that work is based on the assumption of equal
Eq. (4)] from the PC-1D output curves of current versuslifetimes. Nussbaum’s methdgee Eq.(A4)] overestimates
position. We used linear interpolation between the samplénhe currenias we have defined it herashen the asymmetry
points provided by the program. The values of current founds enough to causé (x) to become step-like since significant
in this way show some variation with the overall thickness ofadditional bulk recombination is then included. The modified
the device(i.e., with the extent of the bulk regions included version of Nussbaum’s methgdee Eq(A9)] is in excellent
in the finite element analysis. All the PC-1D results pre-agreement with PC-1D throughout.
sented in this work were found using overall device thick-
nesses equal to ¥@,+10W, except where this strategy
would result in either side being thinner than @ui, which

IV. MODELING RECOMBINATION CURRENT USING
PC-1D

2. Recombination centers’ energy level not at E

is ten times the default grading layer between regiris. Our previous modét was based on the assumption that
such cases the thickness of that side of the diode was set t8€ trap energy is close to the intrinsic energy but that sim-
0.1 um. plification is not necessary. Figure 5 shows the results, as a

The PC-1D model includes band-gap narrowing whichfunction of lifetime asymmetry, from the various models
results from doping heavier than defined thresholds. Any furE;— E;= —10kT. The doping is assumed to be symmetrical,
ther doping increase causes a reduction in the effective bargnd the forward voltage is set to 0.4 V. Our previous work,
gap in proportion to the natural logarithm of the doping
density?” The thresholds used here ar& 0!’ cm™ for
donors and %107 cm2 for acceptors. This explains the 10"
different height of one of the peaks in Figb2 None of the :
analytical models includes band-gap-narrowing effects.

¥ 10°F &
V. RESULTS AND DISCUSSION ¢.E: 3
< L 4 ]
A. Lifetime asymmetry 210°] [ohas e
o o 5 - Ref.4 —#— Ref. 21
1. Recombination centers at the intrinsic energy = Ref.28 —*—Eq. 21
level, E; 4 —f- Eq. Ad
The results for lifetimgparameterasymmetry from the 10100 10’ 102 10> 10° 10° 10° 10 108

various models and from the finite element analysis are com-
pared in Fig. 4. A junction forward bias of 0.4 V and equal

. . _3
doplng densities of 1]6 cm .ha\./e been assgmed' AS the FIG. 5. Depletion-region recombination current as a function of lifetime
ratio of the hole_ and electron lifetimes was varied, their prod-;symmetry. Trap energy is equalEp— 10kT, forward bias is 0.4 V and the
uct was maintained constant,yX 7,0=10""?s. Our present product of the lifetime parametersy,r,o, is set to 101 &’

Tp0 / T
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—%¥—PC-1D —B—Eq.A4 —¥—PC-1D —B—Eq. A4

450 -3 Ref.2 —&— Eq. A9 " --f3--Ref.2 ~&—Eq. A9
~--Ref.4 —A—Ref. 13 10 ~¥-Ref.4 —A—Ref.13
—c—Ref.28 —%— Ref. 21 ¢ —c—Ref.28 —#— Ref, 21

—k—Eq. 21

~»- Ref, 14 —k—Eq. 21

o &
£ £ 5
Q e 10 L
< g
o
o =
= -
10°]

Na (cm-3)

FIG. 6. Dependence of junction recombination current on doping asymmeFIG. 7. Dependence of junction recombination current on doping asymme-
try. The acceptor doping is kept at*f@m™2 while the donor doping on the  try. The donor doping is kept at ¥ocm™2 while the acceptor doping on the
opposite side of the junction is varied. The chosen range ensures that mogpposite side of the junction is varied. The chosen range ensures that most
of the recombination occurs on tipetype side of the junction. The carriers of the recombination occurs on tigetype side of the junction. The carriers
have equal lifetime parameters,,= T0=10"% s and the forward bias is have equal lifetime parametem;,(]:rnozlo’6 s and the forward bias is

0.4 V. 0.4 V.

along with the SNS and both Choo models, seriously overharrowing model in PC-1D. If band-gap narrowing had been
estimates the current when the lifetime asymmetry is smallexcluded, as it was from the analytical models, the PC-1D
The error exceeds an order of magnitude at a bias of 0.2 \fesult would have been reduced to 331.4 nAém

Choo’s recent model gives poor agreement for high asym-

metry but the original Choo work agrees well with PC-1D in VI. CONCLUSIONS

that region. Nussbaum tends to overestimate the current \ye have shown that significant errofelative to the
when the form ofU(x) becomes step-like. Both our present pc.1p finite element analysis with the SCR defined accord-
formulation and the modified form of Nussbaum’s give rea-jng 1o the depletion approximatipin the estimation of junc-

sonable agreement with PC-1D throughout the range. tion recombination currents under forward bias by other
models may be reduced in many important cases by the use
B. Doping asymmetry of a new analytical model which does not require numerical

. : . ._integration. When the excess carrier lifetime parameters are
We investigated the consequences of varying the doplnl%t highly asymmetrical only one of the two parts of the

on either the side of the junction on whial, occurs or on : . : . .
o . ; e . model[Eq. (13)] is required and that expression avoids reli-
the opposite side, while keeping the lifetime parameters fixed : o e
- . ance on the depletion approximation. When the lifetime pa-
and equal. In these cases negligible error results from usin

Bmeters are highly asymmetrical it is necessary to apply a
Jrg(1) in place ofJ,q. For the curves shown in Fig. 6 the . i
p-type doping is constant ahl,=10% cm 3, while the correction term{Eqg. (20)]. TogetheffEqg. (21)], the two ex

n-type doping density is varied over a rangés =N, . This pressions provide an excellent description of the forward-
- = A-

. . A bias recombination current across the SCR as defined by the
range ensures that the point of maximum recombination rate : L )

) . ; . ... - depletion approximation. However, it should be noted that
Xm, femains on th@-type side of the junction. The modified

the depletion approximation is not always a good model for

form of Nussbaum’s theory and our present and PreVIOU e extent of the SCR when the doping is asymmetrical. In

models each agree with the PC-1D results more closely thazgddition we have demonstrated that Nussbaum’s model may
the other methods.

The other way to vary doping asymmetry is to keep thebe brought into excellent agreement with a finite-element

n-type doping density constant and vary theype doping analysis by a simple variation of the limits of integration
X which prevent the inclusion of bulk recombination in the
over a rangeN,<Np . Thenxy, occurs on the same side of calculation of space-charge region recombination current
the junction as before. This method was used to obtain Fig. '
7, for which the doping density on thetype side was fixed
at Np=10'"® cm~3. Our methods, Nussbaum’s meth@gh- ACKNOWLEDGMENTS
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APPENDIX A: ALTERNATIVE DERIVATION AND
MODIFICATION OF NUSSBAUM'S METHOD

We give an alternative derivation of Nussbaum’s

method® of integrating the recombination current with re-

spect to potential rather than distance and demonstrate ho
the limits of integration may be adjusted to achieve agree
ment with results from PC-1D using the spatial limits of Eq.

(4).

From Eqg.(3) we see that
dJ=qU dx (A1)

Multiplying each side byr= —d/dx, whereF is the field
intensity, yields

F dJ=qU dy (A2)

tion. Hence, this method tends to give values for the recom-
bination current which exceed those produced by the other
methods, especially when the recombination rate in either
bulk region is comparable to or exceeds that in the SCR. We
hiave found by trial and error that this method may be modi-
fied to give agreement with PC-1D by adjusting the potential
limit at each extreme by=0.3KT. This results in the fol-
lowing expression for the recombination current to replace
Eq. (A4),

V3 Iw
J,g=q[f (U/Fp)dlﬂ-i- Lb

J

a(U/Fn)dtp}. (A9)

APPENDIX B: ELECTRIC FIELD IN THE
SPACE-CHARGE REGION

and integration of both sides allows the current change to be  are we derive Eq(12), the expression for the electro-

expressed in terms of an integral with respect to potential,

Jw hw
f szqf (U/F)dy, (A3)
Jo o

where i, and i, refer to the limiting values of potential in
the p-type andn-type bulk regions, respectively. The limits,

Jo and Jyy, designate the currents at the locations where

those potential limits are reached, ie. wheére-0. The inte-
gral on the right-hand side of E¢A3) must be divided into

two parts since the field is differently defined on each side of

the junction,
¥y dw
Jrg:JW—Joqu (U/Fp)d¢+j (U/IFp)dy|,
W by
(A4)

where i is the potential at the junction.
Choosing¢,=0 implies that

Yw=Vpi—Va=KT/q In(n,p,/n?)—V,, (A5)

where n,, and p, are the (position-independentmajority-

carrier densities in the bulk regions. From the derivation in

static field amplitude at some point within the SCR where
the charge density is known although the location of the
point relative to the metallurgical junction may be unknown.
A similar expression has previously been used by Green
and was based on work by Sparkesand Green and
Shewchurs!

We begin with Poisson’s equation,

dF(x) p(x) ¢
“ax =2 [PC)=N(x)+Np(X) =Na(x)],

(B1)
wherep(x) is the space-charge densityxate is the dielectric
constant, andNp(x) and N,(x) are the ionized donor and

acceptor concentrations at Rearranging and multiplying
through byF(x) and we find

€

f F(x)szq/e[f p(x)F(x)dx—f n(x)F(x)dx

+f [ND(X)_NA(X)]F(X)dX}- (B2)

Appendix B we have expressions for the field on either siddNow, since the hole and electron currents are the sum of their

of the junction,

Fa(x)=2/e{KT[p(X) = Pp+ N(X) —Np]+ ANAg(X)} )
A6

and
—F2(x)=2/e{kT[pp— p(X) + Ny —n(x)]

+qNp[ #(X) — w1} (A7)

By adding Egs.(A6) and (A7) at the junction, where
Fp=Fn, a solution is found for the junction potential,

3= ywNp(Na+Np) 1 =KT/q(n,—np+po—pp)/
(Na+Np). (A8)

Expressions for the carrier concentrations onpkiype side
of the junction are given in Eq$B11) and(B12) and those

for the other side may be found similarly. This allows Eq.

(A4) to be solved.
Since the limits of the integrals in EGA3) are defined

by the field decreasing to zero, the corresponding positions
lie beyond the SCR as defined by the depletion approxima-

J. Appl. Phys., Vol. 80, No. 5, 1 September 1996

drift and diffusion components,
Jp(X)=qupp(X)F(X) —kTu, dp/dx,
Jn(X)=qu n(X)F(X)+kTu, dn/dx, (B3)

where u indicates mobility, it is possible to derive expres-
sions for the first two terms on the right-hand side of Eg.
(B2):

f p(x)F(x)dx=(q,up)*lf Jo dx+kT/qf dp,
(B4)
f n(x)F(x)dx=(an)—lf I, dx—kT/qf dn.

Substitution of Eq(B4) into Eq. (B2) yields

J F(x)dF=kTe‘1(jdp+Jdn)—qe‘lj’[ND(x)

—Na(x)]d¢p— E_lj (Jn//-Ln_Jp/Mp)dxv
(B5)
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ibid. 87, 835(1952.

trations and potential values at those points. The position of The excess carrier lifetime parametergo, 7y0, are equal to the excess

the points may be unknown. Hence,
Fi—F2=2kTe “(pp—Patnp—Na)—2qe *

X[(Npp—Nap)¥p—(Npa—Npa) #al,  (B6)

carrier lifetimes, ,, 7,, only for extrinsic material in low-level injection
when the density of recombination centers is small and there is only a
small deviation from thermal equilibrium. These conditions are discussed
by C.-T. SahFundamentals of Solid-State Electroni@¥orld Scientific,
Singapore, 1991 pp. 294-295. The lifetime parameters are not simply
related to the lifetimes in a space-charge region.
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where the subscripts refer to the two points under considersy o Green, MSc thesis, University of Queensland, 1971, pp. 31—34; A.

ation. We now assume that, is situated within thep-type
bulk region far from the junction and thaj is in the SCR on

the p-type side of the abrupt junction. We therefore assume

that at each pointN,>Np and thatN,,=Na,=N4. The

Nussbaum, Semicond. Semim#§, 39 (1982, Fig. 5.
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press the potential difference between the two points in terms€: D. Parikh and F. A. Lindholm, IEEE Trans. Electron Devié#s-39,

of the hole concentrations,

Up— Ya=KTIq In(pa/pp),

and we setF,=0 sincex,, is far from the junction. These
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2197(1992.
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