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ABSTRACT

An analytic model is proposed to calculate the
heteroemitter current-voltage and 1/f noise charac-
teristics of heterojunction bipolar transistors. The
proposed model uses the modified form of conven-
tional drift-diffusion formalism to determine the cur-
rent transport across the forward biased emitter/base
heterojunction. This model satisfies the conserva-
tion of total electric charge across the PN junctions
which requires that the net recombination rates be
proportional to the densities of other type carriers
across the heterointerface. Discussion is given about
the effect of heterointerface properties on the static
current-voltage and 1/f noise properties of forward bi-
ased Np heteroemitter of Npn (Al,Ga)As/GaAs het-
erojunction bipolar transistors.

i. INTRODUCTION

Compound semiconductor based heterojunction
bipolar devices have been proven to be very impor-
tant for high speed and high frequency device op-
erations. The use of a widegap semiconductor as
emitter and a narrow bandgap semiconductor as base
is known to lower the minority carrier transit time
across the neutral base and across base/collector de-
pletion regions that are the main requirements for
achieving high frequency operation [1]. For exam-
ple, the use of widegap N-(Al,Ga)As and a narrow
bandgap p-GaAs base permits the fabrication of Npn
heterojunction bipolar transistors {HBTSs) with heav-
ily doped base and lightly doped emitter regions
to reduce the base resistance and emitter capaci-
tance, without lowering the current gain and reduc-
ing the operation speed. Because of the considerable
large bandgap difference between emitter and base,
HBTs based on group III-V compounds such as Npn
(ALGa)As/GaAs have a number of advantages for

- high speed and high power operation over the con-
ventional Si and GaAs FETs and BJTs [2].
Advances in the compound heterojunction bipolar

304

device technology cannot be complete without an ad-
equate and reliable analytic method for the calcula-
tion of device performance. There are two main is-
sues to be considered in the modeling of heterojunc-
tion Np diodes and heterojunction bipolar transistors
(HBTs): (a) the emitter-base space charge electron-
hole recombination and (b) influence of conduction
and valence band offsets across the emitter-base het-
erointerface on carrier transport. Review of currently
used models (drift-diffusion, thermionic emission, dif-
fusion, and tunneling, charge control concepts, and
Monte Carlo simulations) to calculate the static per-
formance of HBTs can be found in Ref. 1. Present
HBT models use mathematically complex and numer-
ically sophisticated techniques and fail to provide con-
vincing physical insight about the effects of the het-
erojunction emitter/base space charge recombination
on the dc current-voltage and current gain charac-
teristics of HBTs. The purpose of this paper is to
provide a model to calculate effect of heterointerface
properties on the current-voltage and 1/f noise char-
acteristics of forward biased heteroemitter in HBTs.

II. MODELING OF HETEROEMITTER
FORWARD CURRENT

Following low level expressions of Shockley [3] will
be used to derive the current-voltage characteristics
of Np heteroemitter with the aid of current continuity,
and Poisson equations:

In(e) = an(@nF @) +aDa 22 (1)
1(@) = ap(E)ksF () ~ Dy Bl (2

J = Ju(z) + Jp(z) (3)

(e L 2k pe)

26 ) n(@) - (ro—roll ()

where p,, and p, mobilities, and D, and D, the diffu-
sion constants of minority electrons and holes of den-
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sities n(x) and p(x). q is the electronic charge and
€ the static dielectric constant. R(z) is the classical
Shockley-Read-Hall (SRH) electron-hole net recom-
bination rate across the space charge region {4,5]

n(z)p(z) — ne(z)pe(z)
Talp(z) + pe(z)] + 7p[n(z) + ne(z)]

R(z) = (6)
ni(z) and py(z) are the densities and 7, and 7, the
lifetimes of electrons and holes trapped at the local-
ized deep levels of Nr density. The densities of free
and trapped electrons and holes are described by the
Maxwell-Boltzmann approximation

EFn(z) ~ E;y

n(z) = nin(z) exp( I (7)
p(a) = niple) exp( 222y g
ni(a) = nen () exp(ZZHEL_Buny g
pie) = nip(e) exp(Z2 =220y

EF,-,,(:E) = Epn + ‘I¢(z) and EFp(z) - EFp o qfﬁ(-”)
are the electron and hole position dependent quasi-
Fermi levels, and Ep, and Ep, the Fermi levels.
Epn(z) = Ern+¢¢n(z) and Erp(z) = Erp+qdp(z)
are the position dependent trap levels, F;x and Ejp
the intrinsic Fermi levels, and nip(z), and n;n(z) the
intrinsic carrier densities in p and N regions. k is
Boltzmann’s constant. Equations (7) and (8) are used
to write the product of free electron and hole densities
at heterointerface as

npley) = nie)ea(lD) ()
where Epn(2;) — Erp(2;) = Ern— Erp—qlén(z;) -
$o(z;)] = qV since pn(z;) = ¢,(z;) = #(z;) for
small forward biases. The effective intrinsic carrier
density at heterointerface is

AE;(z;)

et - (12

1/2

m(es) = [mntostnplas)| - exp(= 22
where n;y(z;) and n;,(z;) are the intrinsic carrier
densities of N and p regjons at the heterointerface [6]
and are asswmed, .for simplicity, to be equal to their
bulk values n;ny and n;p and AE;(z;) is the intrinsic
Fermi level discontinuity at heterointerface, obtained
using a position dependent reference Fermi level as

Bifz) 2 E—(’”);—E(’) = E,+

E.(z) = Ec — g¢(z) and Ey(z) = E, — ¢é(z) are
the position dependent conduction and valence bands

228 asle) (19)

[7] shifted by electrostatic potential —g¢(z) relative
to homogeneous band edges E, and E,. A/3 is the
spin orbit splitting of top of valence band. Evaluating
equation (13) at z = z; one obtains

§A

ABy o _ A
"6

AE,‘ (I]) =

(14)

where 6A = Ay — A, is the difference in the spin-
orbit energies and ¢n(zj) = ¢p(zj). AEy(z;) =
[Egn—Egp| is the difference between bandgaps, which
are temperature and pressure dependent {8).

The most effective trap level Ex(z;) is obtained by
minimizing the SRH recombination rate R(x) with
respect to E = Er(z;) at the hetercinterface:

1 1. i
Ern{zj)= Ein — iAEi(zj) + §kT ln[:—":‘::'] (15)
pli

222] o

TpiN

1
& fkT In

Erp(z;) = Eip + %AEi(zJ‘)
which state that Er(z;) is shifted roughly by
AE;(z;)/2 relative to bulk E; in the p neutral re-
gion and by —AE;(z;)/2 relative to bulk E;x in the
N neutral reglon.- Since Ex(z;) is located at halfway
between the electron and hole quasi-Fermi levels (3]
one can also write

1 1 Ngn;

ETN(I_.") = E;n — §AE,'(.1.‘1) + EkT In[ﬁ] (17)
i

Nynip

Nan-iN] (18)

1
ETp(:Bj) = E,'p + EAE,'(Q:J') + %kT ln[

which are same as equations (15) and (16) except that
the 7p/7, ratio is now replaced by the N,/N, ratio.

Combining equations (15)-(18) ene obtains

T Na

i (19)

o (MEF)=2e
n Tp Ng
This is the conservation of total electric charge that
must be satisfied in order to derive the space charge
recombination current and 1/f noise across a forward
biased Np heterojunction or conventional np junction
at small forward biases. :
According to low level injection theory of Shockley
[3], the integral of equations (1) and (2) gives

e = nlem | otonte) - enn)| @0
Pale) = (o) e |~ 0y (5) —omp)| 1)

where ¢n(zn) = ¢mny = 0 and ¢p(z,) = dmp
—(Vo — V) are the boundary potentials and ny
n(zny) = Ng and p, = p(z,) ~ N, are the boundary
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densities. Combining equations (20) and (21) with
equation (6) one then writes R(z;) as

nn(z;)pp(z;) — ne(z;)pe(z;)

R = Noerp(Un) + raNaexpl=Up) + 2z
(22)

where 7, = (r,7)"/2is the recombination lifetime,
Un = q¢(z;)/kT and Up = q[¢(z;) — dmpl/kT with
¢mn = 0 and ¢pmp = —(Vo — V). Minimizing R(z;)
with respect to ¢(z;) one then obtains the low level
injection expression for ¢(z;)

1 1 Ngrp
~ gé(z;) = Eq(Vo -V)+ 2IcT ln[NaTn] (23)
where TpNg/TaNg = 1 according the conservation

of total electric charge given by equation (19). The
built-in potential energy ¢Vo = qén(zon) — a6p(2ap)
is obtained by combining equations (1) and (2) at
equilibrium ( Epp = EFp = Ep)

N.N
¢Vo = AEi(z;) + kT ln [——“—"—}

24
NiNTip ( )

where noy = Ng and pgp = Na.

The density of free and trapped electrons and holes
at heterointerface are obtained using the minimiza-
tion condition for R(x) at the heterointerface. One
first writes n(x) and p(x) in terms of their values
n(z;) and p(z;) at the heterointerface as

(@) = nleg) i onte) ~ontas)| €29
pole) = (e o[~ (0o2) ~esle)] 0

where gn(z) = a(¢n(z) — 6(z;))/ET and py(z) =
¢{¢p(z) — ¢(z;))/ kT are the normalized electrostatic
potentials on the N and p sides of the space charge re-
gion. Combining equations (25) and (26) with equa-
tion (6) and minimizing R(x) with respéct to z = z;
one obtains the density of free electrons and holes at
heterointerface:

T qV
nx(es) = Zoplas) = (rp/ra) niles) expl(T)
Tp
(27)
which shows that n(z;) and p(z;) are equal only if

Tn = Tp. Combining equations (9) and (10) with :

equations (15) and (16) one obtains the density of

recombined electrons and holes at heterointerface
ne(z;) = (Tn/Tp)Pt(Ij) 7 (Tn/Tp)l/zni(""j) (28)

which states that the density of trapped electrons and

holes at the most effective trap level located at het-
erointerface are equal only if their lifetimes are equal.

An analytic expression for the recombination cur-
rent I.(z ;) can now be obtained by integrating R(z;),
with a constant value for D(x) at z = z;. This is ob-
tained using continuity of electric flux: Dy(z;) =
Dp(z;) which gives D(z;) = (Dn(z;) + Dp(z;))/2-
Substituting equations (27) and (28) in equation (22)
and integrating it over space charge region, with the
use of integral tables [9], one obtains the recombina-
tion current I.(z;):

49A(kT /q)Krenni(z;)
D(z;)mr(4 — b2)1/2

L(z;) =
(xJ) kT

(29)
where 1, = (Ta+7p)/2 = (T27p)'/? is the electron-hole
recombination lifetime and K, is

b+2

_ ™R ENTREE =0 OFV <5 & .
K,= [2 - arctan (4—b2)1/2)] (30)

b= 2exp(—qV/2kT) << 1 for forward biases greater
than thermal voltage (V >> kT/q), . When ey = ¢,
equation (29) reduces to its counterpart for Np homo-
junction, derived by van der Ziel [10]. The minority
carrier diffusion current, sum of the electron and hole
currents Ine and Ipe, can be obtained by solving car-
rier transport equations (1) and (2} in the quasinen-
tral N- and p-regions of a short base Np heteroemitter
and is given by

DP"?(IJ')
LoNg

)-1)
(31)
Equations (29) and (31) can now be easily used to
determine the heteroemitter current and 1/f noise in
a uniformly doped Npn heterojunction bipolar tran-
sistor (HBT) operating in the forward active mode.

I1l. MODELING OF HETEROEMITTER
AND COLLECTOR 1/F NOISE

Based on the proof given in equation (19} about
the total electronic charge across Np heterojunctions,
one can easily derive the heteroemitter 1/f noise in
Npn HBT at small forward emitter/base biases (Sah-
Noyce-Shockley (SNS) recombination mode [5]). Fol-
lowing van der Ziel and Handel {11], the 1/f noise
across the Np heteremitter at small forward biases
can be written as

Dnn?(zfi)] exp(gz

Ioo=qA
e 4 ‘[ W,Na kT

W

R(z)dz

g Aey
flm + 1] Jo

_ goarly(z;)

Sr.{f) = = Tt 1)
"(32)

where f is the frequency and W the thickness of the
space charge region. ag, is so called Hooge's 1/f
noise coefficient for its recombination component [11]

A do [2q(Vo— V) + 6kT]
H =
T 3me? [m:;/Q 25 m;/’—’]z

(33)
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a = 1/137 is the Sommerfold’s Fine structure con-
stant, ¢ speed of light, and m, and my electron and
hole effective masses.

As the injected emitter electrons enter heteroemit-
ter space charge region, they loose an average energy
of ¢{Vo ~ V), whereas the electrons extracted from
the base gain an average energy of (Vo — V). In both
cases electrons are decelerated or accelerated and pro-
duce 1/f noise which can be described by the follow-
ing expression for an Np heteroemitter at moderate
forward biases (Shockley minority electron diffusion
mode (3])

annI 13
fT'nd ' frneWbNab

Sr..(f)=

(34)
where 7. = W2/2Dpp the diffusion transit time with
D, the diffusion constant for minority electrons in
the neutral base region of W, width. a g, is the 1/f
noise coefficient, so called the Hooge’s parameter, for
its diffusion component

_ 402q¢(Vo-V)
T 3r  mpc?

Qafn (35)
where a = 1/137 the Sommerfold’s fine structure con-
stant, c the speed of light, and m,, the effective mass
of electrons in the base.

Following van der Ziel [12], the collector compo-
nent of 1/f noise in Npn HBTs can be determined
according to 7

ol ™ Ien(z)dz
be2 o np(z)

S1.(f)= (36)

where I.,(z) is the collector current

Icn(z) T chﬂb(z)unb(x) o chD"b%l (37)

A, is the area of base/collector homojunction and
vns(z) the field dependent electron velocity [10]. The
electron density at the emitter end of the neutral base
is

n6(0) = (n%/Nas) exp(aVie/KT)  (38)

with n;, intrinsic carrier density and N, doping den-
sity. Since the electric field strength across the reverse
biased base/collector pn junction is close to its max-
imum value F(W3) = F, the minority electrons will
move into the neutral collector region with saturation
velocity of v,s. The electron density at collector ‘end
of neutral base is

n5(Wp) = Ien/qAcvns = np(0) — IenWs/9AcDrp
(39)
One then writes ny(0)/ns(W3) = (Dnp+vnsWs)/ Do
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2 2(p . 174
. QHnq ACDnnt (xJ) [exp(Z_T_)_l]

The injected electrons entering the base/collector
p/n junction are subject to a critical field F'(W3) = F,
there and one can take vn(Wp) = pnFe/2 = vns/2 for
the maximum drift velocity at z = Wj. Using the def-
inition of scattering length (mean free path) for elec-
trons in inhomogeneous semiconductors (7] one can
write I, = 3D,5/vns for the scattering length (mean
free path) for the minority electrons in the neutral
base. Carrying out the integra) in equation (36) one
then obtains the collector 1/f noise as

qognlen 3w,
S = Kpo————In{ 1+ 40
1.(f) T ( i ) (40)

where Tpg = W2/2Dpp the diffusion transit time with
D the diffusion constant for minority electrons in
the neutral base region of W, width. K. is the di-
mensionless coefficient

(Uns/"nB) =L _“i (WB/lnB)
In(vns/v.g) 21n(1+3Wpg /zn?)
41)
This is the correction factor to the following equation
derived by van der Ziel [12] for the collector 1/f noise

Kpe =1+

afgn@len 'n-b(o)
2f7dn np(Wp)

Equation (40) states that the correction to S (f),
given by equation (42), should be at least a factor of
two (Wp = Inp) or greater (Wy >> I3).

IV. DISCUSSIONS

The proposed model is used to gain some qualita-
tive understanding of the effect of heteroemitter on
static current-voltage and quantum 1/f noise prop-
erties of Npn (Al,Ga)As/GaAs heterojunction bipo-
lar transistors (HBTs) in forward operation mode.
The device characteristics are compared with those
of npn GaAs bipolar junction transistor (BJT) for
the same design parameters. The neutral p-base re-
gion thickness is taken to be smaller than the minor-
ity carrier diffusion length but greater than its mean
free path (Lnp, >> Wp >> Iyp).. The doping den-
sities are Ng.=2x107em™3, N,,=1x10'8cm 3, and
Nge=2x10"cm =3 for emitter, base, and collector re-
spectively. The neutral base thickness is 0.15pm.

Figure 1 shows the va;iation of total emitter cur-
rent I, = I.(z;) + Ige, recombination current f-(z;)
and diffusion current Ige = Ine + Ipe = In. of Np
(Al,Ga)As/GaAs heteroemitter with forward bias.
The magnitude of I, increases exponentially with via
the factor of exp(¢V/kT) at small and medium for-
ward biases (Shockley minority carrier diffusion the-
ory). On the other hand, the magnitude of I.(z;)
slowly increases exponentially with V via the factor of

Sr.(f}= (42)
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(Vo — V)~12exp(qV/nkT) (Sah-Noyce-Shockley re-
combination theory [2]), where the ideality factor is
large, n & 2, for small forward biases and it begins to
decrease at moderate forward biases.

The emitter/base current-voltage characteristics
comparison in Figure 1 indicates a strong intrinsic
emitter/base junction resistance to the current con-
duction process in Np (Al,Ga)As/GaAs heteroemit-
ter as compared to that in np GaAs/GaAs emitter
for a wide range of forward biases. The intrinsic
emitter/base junction resistance to the diffusing mi-
nority electrons is much stronger at small forward
biases as compared with that to the recombined elec-
trons and holes in both np GaAs/GaAs emitter and
Np (Al,Ga)As/GaAs heteroemitter. But at higher
biases, the intrinsic junction resistance to the diffus-
ing electrons become small as compared with that to
recombined electrons and holes. The decrease in the
intrinsic junction resistance with increasing Vi leads
to an increase in the magnitude of junction velocity
of recombined electrons and holes.

This will influence the emitter injection efficiency
and quantum 1/f noise in Npn HBT. The heteroemit-
ter electron injection efficiency is defined as

= e = = (43)
Ine + ng + I,-(.'Ej) 1+ ’Yo(Ir(Ij)/Ine)

Yo = Ine/ (Ine+Ipe) is the electron injection efficiency
in the absence of I.(z;), where I, and I, are the
minority electron and hole components of L

Furthermore, the total contribution of Np het-
eroemitter to 1/f noise in Npn HBT is also influ-
enced by the heteroemitter junction resistance, which
is written as

gQHn an,-I,-(a:j)
Ieb(f) Frnd ne 2/,
QO Hn CHr Tnd [r(zj)
= Tet 1 —_— 44
fTna e apn 2tr Ine ( )

The I.(z )/ Ine ratio is a slow function of V at small
biases. As shown in Figure 2, the decrease in S; is
gradual for smaller biases and tends to be very rapid
as V increases.

When the emitter currents obey the Sah-Noyce-
Shockley recombination-diffusion regime (5] at small
forward biases, very few minority holes and electrons
can pass the heteroemitter interface. Much of the
injected emitter electrons and base holes recombine
with each other at the effective deep levels localized
at the junction. For small forward biases, I, is small
as compared to I-(z;). There exists a forward bias

at which I.(z;) and I, are equal which is given by

I(z;) _ m(kT/q)NaWpni(z;) exp(qV/2kT) — 1

I Lnpr-D(z;)n%,  exp(qV/kT) —1
(45)
which is usually very large at small forward biases,
and then approaches to zero as the exponential factor
takes over. This ratio is unity at about 1.0 V for Np
(A1, Ga)As/GaAs heterojunction and at about 0.75
V for np GaAs/GaAs homojunction. Below these
biases,’the total current obeys SNS recombination-
diffusion theory and it obeys the Shockley minority

carrier diffusion theory above them.

The effect of band offsets at the heteroemitter in-
terface on the emitter current and quantum 1/f noise
is best understood by analysing the n;(z;)/n, ratio
in equation (40)

n,(a:]) o NiN 1/2 _AE,‘
Sl G DR o)
_ miNvia,  (AE,~AE.  8A
(ngp) ex*’( &7 T (46)

where 6A/12kT is relatively small and can be ne-
glected and AE, = 30%AE, and AE. = T0%AEy,
where AE. + AE, = AE,. Increasing AE, (or de-
creasing AE,) decreases (increases) n;(z;). This de-
crease (increase) in ni(z;) causes the SRH recombi-
nation rate at heterointerface R(z;) to decrease (in-
crease) which in turn causes a corresponding decrease
(increase) in the saturation value of I.(z;)(z;)-

V. CONCLUSION

A drift-diffusion type analytic model is presented
to incorporate the band offsets in the Shockley-Read-
Hall electron-hole net recombination rate used in de-
termining the recombination contribution to the cur-
rent and 1/f noise forward biased heteroemitter of
HBTs. It is found that most effective trap level
at heterointerface shifted roughly by AE;(z;)/2 rel-
ative to bulk E;, in the p neutral region and by
—AE;(x;)/2 relative to bulk E;n in the N neutral re-
gion. The numerical results suggest that the forward
active mode current and 1/f noise properties of Npn
(Al,Ga)As/GaAs HBTs with l,p << Wp << LuB
can be described by two main components; (i) the
emitter/base recombination component which domi-
nates at low forward biases, and (ii) the minority elec-
tron diffusion component which dominates at moder-
ate forward biases.
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Fig. 1. Comparison of emitter current of Npn AlGaAs/GaAs
HBT and that of npn GaAs BJT in forward active mode.
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Fig. 2. Comparison of emitter 1/f noise of Npn AlGaAs/GaAs
and that of npn GaAs BJT in forward active mode.
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