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Abstract

Distribution of interface states at the emitter—base heterojunctions in heterostructure bipolar transistors (HBTs) is characterized by
using current-voltage characteristics using sub-bandgap photonic excitation. Sub-bandgap photonic source with a photon energy Ey
which is less than the energy bandgap E, (EgGaas = 1.42, Ey aiGaas = 1.76 €V) of emitter, base, and collector of HBTs, is employed
for exclusive excitation of carriers only from the interface states in the photo-responsive energy range at emitter—base heterointerface.
The proposed method is applied to an Aly;Gag,As/GaAs HBT (Ag = Wgx Lg =250 x 100 pm?) with E,,=0943eV and
P, =3 mW. Extracted interface trap density Dj, was observed to be Dimax ~ 4.2 X 102 eV~ cm™? at emitter—base heterointerface.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

For heterojunction bipolar transistors (HBTs) with
inherent high current gain, high cutoff frequency, and high
speed operation, interface states at the emitter—base (E-B)
heterojunctions are very important for key figures of merits
on 1/f noise, ideality factor, the current gain, and the base
leakage current through the degradation of heterojunction
[1-4]. They strongly depend on the quality of the emitter—
base heterojunction interface and, therefore, the character-
ization of traps over the energy bandgap at the E-B heter-
ointerface is one of the most important topics for assessing
both the reliability and the robustness of HBTs and their
integrated circuits. The density (N,), trap levels (E;), and
electrical charge states (deep and shallow, donor-and
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acceptor-like) of traps and interface states in heterojunc-
tions strongly depend on the fabrication process. In addi-
tion to lattice mismatch and stresses at the heterojunction
during epitaxial growth, surface and bulk traps are gener-
ated by device fabrication processes which include etching
(wet or dry), deposition, and plasma assisted treatment
during device fabrication. There have been enormous
efforts on the characterization of interface traps for
improved DC and microwave performance, noise charac-
teristics, and the reliability of HBT's and other heterojunc-
tion devices [5-7].

Characterization of interface states at the emitter—base
heterojunction usually has been performed in a view point
of the crystal defects for high quality epitaxial growth.
However, it is expected to be very convenient and useful
to have electrical characterization for the practical struc-
ture of HBT operation in addition to the epitaxial and crys-
tal defect characterization. Especially, it is strongly
necessary to investigate the ““as is” interface states at E-B
heterojunction during/after HBT operation for long-term
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reliability assessment and hot carrier effect investigation.
This is because HBTs operate with high current driving
and this results in long-term degradation of interface states
due to high temperature operation for high current opera-
tion. Sub-bandgap photonic technique reported in this
work is similar to previously reported sub-bandgap pho-
tonic C-V characterization technique developed for MOS
capacitors and the optical subthreshold current method
for MOSFETs [8,9]. There are significant difference in the
effect and characterization methods for interface states
between unipolar devices and bipolar devices. This is
because carriers in bipolar devices move across the junction
interface while they move along the junction in unipolar
field effect transistors. The sub-bandgap photonic charac-
terization of traps at heterojunction interface in bipolar
devices is the first report. We expect that the proposed
sub-bandgap photonic base current method (PBCM) is
useful for characterizing energy-dependent traps and inter-
face states in bipolar semiconductor devices including pn
diodes, bipolar junction transistors, photo diodes, solar
cells, light emitting diodes, laser diodes, phototransistors
with heterojunctions which use selective and effective con-
trol of electrons and holes across the junctions.

2. Base current in heterojunction bipolar transistors

In this work, a new sub-bandgap (E,, < E,) photonic
characterization of the base current (/g) in HBTs is pro-
posed for extracting the interface states at the emitter—base
heterointerfaces comparing base currents under dark and
sub-bandgap photonic excitation. Contrary to the conven-
tional optical characterization with a photon energy larger
than the bandgaps (£, > E,, above-bandgap), the photon
energy smaller than bandgaps in HBTs is used to exclu-
sively characterize the traps and interface states at E-B het-
erojunction as shown in Fig. 1. We note that the photon
energy (Epn = 0.943 eV) is smaller than bandgaps of GaAs
and Aly3GagsAs (EgGaas = 142, E; algaas = 1.76 €V).
Under sub-bandgap photonic excitation, therefore, there
are excess carriers excited only from the traps at the E-B
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Fig. 1. Schematic diagram of sub-bandgap photonic generation mecha-
nism in semiconductors. For sub-bandgap photon energy with E,, <E,,
there is only photonic excitation of electrons from photo-responsive trap
levels at (Ec — Epy) < E¢ < Ep, to the conduction band but excluding
electron—hole pair generation from the valence band to the conduction
band. Sub-bandgap photo-responsive range in Npn AlGaAs/GaAs HBTs
with Npg <<Nap can be approximated by (Ec— Epy) < E <
(Ec — EgGaas T ¢qVpE) this is because Viip/Viie = Va/Ve = (Voip — VB)/
(Voie — Vi) = (6a1GaasNDE/€GaasNaB) ~ 0 and the applied voltage Vgg
appears across the lightly doped emitter depletion layer.

heterointerfaces while suppressing direct excitations from
the valence band to the conduction band in N — Al 3-
Gag,As emitter, p-GaAs base, and n-GaAs collector
layers. As schematically shown in Fig. 1, possible energy
for electrons at traps to be excited to the conduction band
ranges (Ec — Epn) < E( < Epy.

Experimental current-voltage characteristics of an Npn
Aly3Gag7As/GaAs HBT with the emitter area Ag=
Wg x Ly = 250 x 100 pm?, as shown in Fig. 2, under dark
and photonic excitation are comparatively shown in
Fig. 3 for photon energies Ey, = 0.943 and E,, = 1.481 eV.
For a photon energy E,, = 1.481 ¢V, which is larger than
the bandgap (E,) of GaAs layer but less than E; aigaass
the current-voltage characteristics of Aly3;Gag,As/GaAs
HBTs show considerable changes in the base current (/)
due to photo-generation of carriers from the valence band
to the conduction band in the p-type GaAs base layer at
the E-B heterojunction. Although there are photoexcited
excess carriers from the interface states and bulk traps,
the dominant change is caused by excess carriers excited
from the valence band to the conduction band in the p-
GaAs base under above-bandgap photons with Ep, > E,.
Increased base current (Alg) contains photoexcited carriers
from band-to-band generation as well as carriers from
trap-to-band generation. Therefore, Alg under above-
bandgap photons with E,, > E, cannot be employed for
characterizing traps and interface states without any com-
plicated separation procedure.

Under a sub-bandgap photonic excitation with Ep, <
E, Gaas, on the other hand, we note that a noticeable var-
iation in the base current was also observed at small
base-to-emitter voltages (¥gg). Contrary to photonic exci-
tations under above-bandgap photons with E, > E,, there
are excess carriers only from the interface states and the
bulk traps in the photo-responsive energy band only under
sub-bandgap photonic excitation [7]. Comparing the Vgg-
dependent photonic I~V curves under photonic excitation
with that under dark condition, the energy-dependent
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Fig. 2. Schematic cross-sectional device structure of Npn Aly3Gag7As/
GaAs HBTs employed for sub-bandgap photonic characterization of
interface states at emitter—base heterojunction.
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Fig. 3. Photonic Iz—Vgg characteristics of an Npn AlGaAs/GaAs HBTs
with the emitter area Ap = Wgx Lg =250 x 100 pm? under dark and
photonic excitation with a sub-bandgap photon E,,=0.943¢eV
(Popt = 0.2-3.0 mW) and with a above-bandgap photon E, = 1.481 eV
(Popt = 0.2-1.0mW). It is optically saturated over P, > 1.8 mW with a
sub-bandgap photon Ey, = 0.943 V.

distribution of interface states at the emitter—base heteroin-
terfaces in HBTs can be extracted. We also note that the
photonic energy (E,, = 0.943 ¢V) is much larger than the
average thermal energy (kKT ~ 0.026 eV) at room tempera-
ture. Therefore, photo-generation of excess carriers and
their contribution to the I~V characteristics of HBTs under
sub-bandgap photonic excitation are believed to be domi-
nant over the thermal generation at room temperature,
especially under high optical power which is utilized for
the extraction of the trap density by the sub-bandgap
photonic /-V characterization. A schematic energy band
diagram of the Aly3;Gag-As/GaAs emitter-banse hetero-
junction for Npn AlGaAs/GaAs HBTs under a sub-band-
gap photonic excitation with Ey, =0.943 eV is shown in
Fig. 4. Bias-dependent photo-responsive energy ranges
are comparatively illustrated for thermal equilibrium (a)
and forward biases (b and ¢ for 0 < Vg < Vpg2). We note
that the electrical characteristics of heterojunctiuon bipolar
transistors, including current gain and noise performance,
depend strongly on the quality of the emitter—base hetero-
junctions. The Shockley-Read-Hall (SRH) recombination
through the traps at the E-B heterointerface is a dominant
performance-limiting factor under low base-emitter volt-
age. Therefore it is very important to characterize the den-
sity and distribution of interface states at the E-B
heterointerface in HBTs.

Optically induced base current (Al = Ig photo — IB,dark)
of the emitter—base heterojunction in AlGaAs/GaAs HBTs
under dark and sub-bandgap photonic excitation are shown
in Fig. 5 under a sub-bandgap phonic excitation for
Epn =0.943 eV with P, = 0-3 mW. Under low emitter—
base junction voltage, it is well known that the current is
dominated by the recombination current and represented by
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Fig. 4. Energy band diagram of an Npn AlGaAs/GaAs HBTs (emitter—
base junction under forward bias) under a sub-bandgap photonic
excitation with Ep, < E, which allows a photonic excitation of electrons
from traps (E;) to the conduction band (E > Ec) while suppressing the
direct band-to-band carrier generation. Sub-bandgap photo-responsive
range over the energy bandgap in AlGaAs/GaAs HBTs can be described
as (Ec — Epp) < E; <(Ec — EgGaas T ¢VBE). (a) Photo-responsive energy
band diagram under thermal equilibrium, (b) under medium forward bias
Ve = VBg1 > 0, (C) under large forward bias Ve = VBE2 > VBEI-
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Fig. 5. Optically induced base current (Alg = I photo — IB,dark) Of the
emitter—base heterojunction in AlGaAs/GaAs HBTs under dark and sub-
bandgap (E,, = 0.943 eV) photonic excitation with P, = 0-3 mW.

Lee = Lo (e"M0 — 1) A (1)
where 1 = the ideality factor of the junction, /., = recombi-
nation saturation current and they are strongly dependent
on the trap distribution.

The carrier recombination mechanism through the inter-
face states in the emitter—base heterostructure space charge
region can be described by the Shockley-Read-Hall (SRH)
model [10]. The SRH recombination rate Rsry(E;) for a sin-
gle trap at the trap level E=E; can be described by [10,11]
Rsgi(Ey) = avthNt<Et)(P’,’ P/()”O) s em=? 2)

(n+p+n+p)

pn = ne"/"v cm~6 (3)

where V is applied voltage across the junction with
N(E, = trap density per unit volume (cm°) at E = E,,
o = capture cross section (cm?), vy, = thermal velocity
(cm/s), n; =the intrinsic carrier concentration (cm*3),
Vi = the thermal voltage (V), and n (ng) and p (po) = the
electron and hole concentrations (under thermal equilib-
rium) per unit volume, respectively. Electron and hole con-
centrations (1’ and p’ (cm ™)) at trap level E = E, are
described by

W (E) = me BEIAT o3, 4)

P (E) = ne BB/ cm3 (5)

with E; = trap energy level, E; = intrinsic Fermi level, and
n; = intrinsic carrier concentration.

Under forward bias, the electron concentration (n) is
much larger than the hole concentration (p) in the space
charge region due to asymmetric energy barriers against
electrons (g¢pe = qVvi — AEc — qV) and against holes
(qpon = qVi + AEy — gV) across the N-AlGaAs/p-GaAs
heterojunction with Vy,; and AEc (AEy) as built-in voltage
and conduction (valence) band discontinuity, respectively.

Therefore, Rsry (E;) at forward biased heterojunctions in
Npn HBTs through a single trap level can be simplified as

GUthNt (Et)p}’l
(ntp+n+p)
Hole concentration (p) injected over the energy barrier
from the p-GaAs base and crossing the space charge region

under forward bias at the base-emitter heterojunction
interface can be approximated by

Rspu(Ey) = =~ oo N (Ey)p em sl (6)

p= nie(EFn*Ei)/kT o nieVBE/Wm cm—3 (7)
and, therefore, Rsru(E;) can be redescribed as
Rsru(Ey) = avg, N (E )n;e?" e/ (8)

The model parameter o reflects the effectiveness of the bar-
rier lowering for holes in the p-type GaAs base caused by
the voltage drop (Vgg/x) across the p-type GaAs space
charge region. This also models the modulation effects of
the quasi-Fermi levels for electrons and holes (Eg, and
Egp) in the junction. If necessary, « can be adaptively ad-
justed to match the model with the experimental observa-
tion and heterojunction structure (doping, epitaxial
growth, and Al mole fraction).

The integrated SRH recombination rate (Rsry.m)
through multiple trap levels distributed over the bandgap
(Ey < E; < E¢c) can be obtained simply by integrating con-
tribution of each trap level as described by

Ec
RSRH,mE/ Rspu(E()0(E,) dE
E

v
Ec

:/ N (E)nie" /0 §(E)dE ecm™3 s71. (9)
Ey

Therefore, the total recombination current (/g) through the
distributed multiple trap levels at the emitter—base hetero-
junction of AlGaAs/GaAs HBTs under forward bias can
be obtained by integrating the SRH recombination rate
over the energy bandgap and written as [1,2,11]

Ig = qAE/ Rsrumdx
SCR

:qAE/SCR UEC RSRH(Et)éE(Et)dE} dx

Ey

Ec
= (]AE/ {/ av[hNt(Et)niquBE/“"Té(EK)dE] dx. (10)
SCR LJEy
We note that the base current under forward bias is mainly
composed of (a) recombination current (/) in the hetero-
junction space charge region, (b) thermionically injected
hole current (/,) over the heterojunction energy barrier
(gdon = qVi + AEy — ¢gV), and (c) recombination current
(1) in the neutral p-GaAs base region.

3. Modeling of base current under sub-bandgap photonic
excitation

Photo-generation and resulting contribution of excess
carriers, which are only excited from the traps and interface
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states in the emitter—base space charge region at the
AlGaAs/GaAs E-B heterojunction due to sub-bandgap
photons (Epp < Eg Gaas, Eg aiGaas), generates the photoni-
cally induced base current Algz dominated by the recombi-
nation of carriers at the emitter—base depletion region. This
is summarized as

Iy =Ise + 1, + 1, =Igp + Ippn (11)
Ipo = (Lsero +1po + Irvo) (12)
and

I ph = (Lserph + Lpph + Livph) (13)

where Ig is the base current under dark condition and
Iy pn = Al is the increased base current due to the sub-
bandgap photonic excitation.

We note that there is negligible increase in the hole injec-
tion current (/, ,, ~ 0) because there is no change in the
electrostatic potential energy barrier (g¢pn = qVe; +
AEy — qV) against holes to be injected from the p-GaAs
base whatever there is a photonic excitation or not. We also
note that the neutral p-GaAs base region (Wp) is designed
to be very short compared with the excess carrier diffusion
length (L, ) for better diffusion of injected electrons to the
collector junction. Therefore, the recombination in the
bulk base is also negligible (/40 ~ 0 and I, pn ~ 0) both
under dark and under sub-bandgap photonic excitation.
We obtain the base current approximated by

[B = ([scr,O + 1p40 + Irb40) + (]scr,ph)~ (14)

Therefore, the predominant component in the change of Iy
is due to photonically generated excess carriers from the
interface states rather than those from the bulk traps in
the emitter—base depletion region [3,5,7]. The sub-band-
gap-photonically induced base current (Alg) of the emit-
ter—base heterojunction in AlGaAs/GaAs HBTs can be
modeled as

AIBéIB,photo - IB,dark = (]scr,ph +1p,ph> = Iscr,ph (15)
and can be written using the SRH recombination through
multiple traps as

AIB = Iscr‘ph

Epn
= qAE/ [/ RSRH|ph5E(Et)dE] dx
SCR Ec—Epn

Epn
= qAE/ / O-UthNt (E[)lphni eVBE/xV[hé(Et)dE
SCR Ec—Epy

(16)

dx

where Iy pnoto and Ig gark: base currents under a sub-band-
gap photonic excitation and dark, respectively. Under sub-
bandgap photonic excitation, electrons located at traps in
the photo-responsive energy range [(Ec — Epn) < E¢ < Epn)
are excited and contribute to the photonically induced base
current. Therefore, Alg is obtained integrating over the
photo-responsive energy range. We note that the quasi-
Fermi level Eg, and the photo-responsive range contribut-

ing to the current are modulated by the voltage Vg across
the heterojunction.

We obtain a modified SRH recombination rate through
trap levels for photo-responsive energy range as

RsrH ph
EFn
g/ {/ (wtth(Et)\phnieV“E/“V‘h(S(Et)dE dx s7! em™?
Jscr | JEc-k,

(17)

where Rsrp pn 18 defined as an effective SRH recombina-
tion rate (s~ 'cm 2) at the interface states due to sub-
bandgap photonic excitation. With n>>p due to the
heterostructure in the N — Aly3;Gag-,As emitter and
p-GaAs base, the optically induced base current of the
emitter—base heterojunction in AlGaAs/GaAs HBTs can
be re-described as [2,3,11]

Al 22 qAxRsru ph

1 Egn
~ EqAEO-')th [/ N‘(Et)|phom(3(Et) dE I’liBeVBE/“Vth.
E,

c—Epn

(18)

Defining the energy-dependent two-dimensional interface
trap density N, (cm2) in the photo-responsive energy
range as

EFn
Ni(Vgg) = / [/ Nl(El)\phé(El)dE dx cm™2,
SCR Ec—Eph
(19)
we obtain the increased base current as
Al'g(Vge) = qAgRsrupn(VBE)
1
= EqAEGUthNit(VBE)niBeVBE/iV[h . (20)

We note that N;; depends on Alg through the variation of
Vg because the quasi-Fermi level Eg, is modulated by the
applied forward bias across the base-emitter heterojunc-
tion. This is one of key concepts in this paper for extracting
the energy-dependent trap density at the junction interface
in bipolar devices including HBTs. In the calculation, the
intrinsic carrier concentration ;g is chosen that in the p-
type GaAs base because main contribution of generation
and recombination comes from smaller bandgap under
sub-bandgap photonic excitation. Even though the model
parameter o is chosen to be 1/2 for this work, it can be
modified and refined for more accurate and better extrac-
tion of the traps in the improved sub-bandgap photonic
characterization method.

Therefore, the energy-dependent distribution of the
interface trap density D (cm 2eV™') can be finally
obtained from

i aNit N GVBE aA[B a]vit
Du(Ey) = 0E < oE ) ' (am) ' <©AIB) (21)
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Vge-dependent variations of energy band (0E/0Vgpg) and
quasi-Fermi levels for electrons and holes can be calculated
using the Poisson’s equation with the depletion approxima-
tion for the heterojunction structure while Vgg-dependent
base current change (0AIg/0Vgg) under photonic excitation
can be obtained from the measured experimental current—
voltage characteristic data.

We note that the acceptor doping (Nag) in the GaAs
base layer in Npn AlGaAs/GaAs HBTs is much higher
than the donor doping (Npg). Therefore, the built-in volt-
ages (Vpig and Vy,;p) and the voltage drops across the emit-
ter and base depletion regions (X, and X,) in Npn
AlGaAs/GaAs HBTs with Npg << N,p can be approxi-
mated by
(Vs —Vs)  Vos Ve Xp  eacaasNpE

(Veie —VE) Ve Ve Xa

1%

€GaasV AB 0 (22)
This means that almost all of the built-in voltage and ap-
plied voltage appears across the lightly doped emitter
depletion layer (Vyi= Vioie + Veie = Vi and  Vgg =
Ve + Ve = Vg). This allows the photo-responsive trap
energy range and applied voltage [(Ec — Epn)< E¢ <
Eg,] can be approximated by (Ec— Epn) < E¢<
(Ec — E5 Gaas T qVgE) as comparatively shown in Fig. 4
for (a) under thermal equilibrium and (b,c) under forward
bias (0 < Vg1 < Vgga). This results to the photo-respon-
sive energy range AE = gAVgg and Vgg-dependent modu-
lation of the energy band (0E/0Vgg) = (0AE/0VgE) ~ 1.
This finally results in

 (OAIg ON ¢

Du(E,) = <6VBE) (aAIB>
_i 2AIg exp [ — Ve
T OE gAgovLNip P 2V

0 { 2AIg o (_ VBE)} (23)
 OVge |gAg ovmni P 2Vw/ |

4. Experimental results

We applied the proposed PBCM method to GSMBE-
grown Npn Al 3Gag 7As/GaAs HBTs with the emitter area
A = Wgx Lg =250 x 100 pm? fabricated by a conven-
tional mesa process (0.2 um N-Aly3Gag7As emitter with
Npe=2x108cm ™3, 0.2 um p-GaAs base with Nap=
1x 10 em ™3, 0.4 pm n-GaAs collector with Npc = 2 x
10'® cm™3). Capture cross section, saturated thermal veloc-
ity, and intrinsic carrier concentration were used ¢ ~ 10~
cm?, vy, = 107 em/s, and njp = 1.8 x 10° cm 3, respectively.
Sub-bandgap photonic I~V characteristics of the emitter—
base heterojunction in HBTs were measured using a semi-
conductor parameter analyzer HP 4156C combining an
optical source with Ej, =0.943 eV (ILX Lightwave Co.)
for the PBCM characterization of traps at the AlGaAs/
GaAs heterointerfaces. In order to fully activate the carri-
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Fig. 6. Extracted distribution of trap density D;, in the photo-responsive
energy band from the emitter-base heterointerface in AlGaAs/GaAs
under a sub-bandgap photonic excitation with E,,=0.943eV and
Py =3mW.

ers in the traps by the sub-bandgap photonic excitation, we
applied maximum available optical power Py, =3 mW
(Epn = 0.943 eV) that is high enough to obtain optically
saturated I~V characteristics.

Comparing the base current of the emitter—base junction
under Ey, < E, with Py, = 0 and 3 mW, the energy-depen-
dent distribution of Dj, over the photo-responsive energy
band (Ec — Epn) < E<(qVgen + qVbip + AE,) (can be
approximated by  (Ec — Epn) < Ei < (Ec — EgGaas T
qVge)) at the emitter-base heterointerfaces in Npn
AlGaAs/GaAs HBTs was obtained by combining Eq.
(23) and experimental base current change under sub-band-
gap photonic excitation. Extracted trap density ranges
Dy =10%-10"? eV 'cm™2 and is shown in Fig. 6. This
experimental result agrees well with previously reported
data even though a relatively high density of the interface
state rather than previous results [1-3, 5] was observed.

5. Conclusions

An optoelectronic characterization technique, a pho-
tonic base current method, has been presented for extract-
ing the interface traps at the emitter—base heterojunction in
AlGaAs/GaAs HBTs. An optical source with a sub-band-
gap photon energy E,,=0.943eV (P, =3mW) was
employed for the photonic I~V characterization of the
interface states in the photo-responsive energy band. By
comparatively probing the base currents of the emitter—
base junction under dark and a sub-bandgap photonic exci-
tation, the interface trap density in the photo-responsive
energy band was extracted from the experimental data.
The maximum value of the interface state density (Dit.max)
was observed to be ~4.2x 102 eV~'cm? for GSMBE-
grown AlGaAs/GaAs HBTs with the emitter area Ap=
Wg X Lg = 250 x 100 pm?,
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