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Heterostructure bipolar transistors are used o experimentally determine band offsets

in lattice-matched Ing s; Gag 47 As devices. Valence-band offsets of AE, = ¢.24 eV for

Al o Ing s, As/Ing 53 Gag ., As and AE, = 0.34 eV for InP/In, 53 Gag 47 As are measured.
Because of band filling in the base, these values place important constraints on p-type doping
levels and emitter injection efficiency in practical devices.

The base resistance ® , in a #-p-n bipolar transistor may
be reduced by using high p-type impurity levels because ma-
jority-carrier mobility decreases sublinearly at high doping
levels. The resultant reduction in circuit-charging time con-
stant, R, C, is important for high-speed electronics. In fact,
base resistance is a critical issue in microwave bipolar tran-
sistors and was the motivaton for the original heterostruc-
ture bipolar transistor (HBT) concept in which the base
doping could be increased somewhat without decreasing
current gain B." Recent work has shown that growth of high
guality layers of InGaAs lattice matched to InP with p-type
doping > 10°° cm ~*is possibie.” These results, together with
new insight into the physics of extreme nonequilibriom elec-
tron transport in heavily doped semiconductors, have fueled
interest in #-p-n HBTs with base doping levels which were
once thought to be impractical.™* It is therefore relevant to
ask what the maximum useful doping level in a HBT is.

As base doping is increased beyond 10' cm 3, ome
might intuitively expect an increase in minority-carrier scat-
tering and a decrease in current gain 5. However, previous
work has shown that the total scattering rate (inelastic plus
elastic) remains almost constant (it actuwally decreases
slightly) for p>5x 10" cm ™" and that base transport in
thin-base HBTs should not limit £.° It turns out that for
p> 10" em ™3, the loss of carrier confinement is the critical
issue. In a HBT the valence-band offset, AE,, between the
wide-band-gap emitter and the narrow-band-gap base acts
as a barrier to injection of holes into the N-type emitter. Thus
the current gain 3 of an ideal transistor is limited by the back
injection of holes.

In this letter, we have determined conduction- and va-
lence-band offsets, energy gap, and hole Fermi energy in
AlgagIng s; As/Ing 5;Gag - As  and  InP/Ing s, Gag,, As
HBTs by measuring the transistor characteristics in the for-
ward and reverse active modes as a function of temperature
T. In addition, we show that because of band filling in the
base, there exists a trade-off between the need for low R, and
high 3.

AllnAs/InGaAs devices were grown by conventional
effusion cell molecular beam epitaxy (MBE) while
InP/InGaAs transistors were grown by hydride source
MBE (HSMBE) as cutlined in Refs. 5 and 6. The collector
consists of a 5000-A-thick heavily doped n-InGaAs contact
layer and a 3000-A-thick InGaAs active region doped to
n = 1x10' cm ™3, The base region consists of an InGaAs
active region of thickness Z, doped to either p = 2> 10'%,
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£ 10%° 0or 5 10°° cm ™ . Undoped spacer layers in the base
with thicknesses in the range 25-100 A were used depending
on the growth temperature, Be concentration, and base
thickness Z . The wide-band-gap emitter consists of a 2000-
A-thick AlInAs or InP layer doped to N = 1 x 10 cm~?
and a 1000-A-thick AllnAs or InP layer doped to
N>1x10"%em™3,

Figure 1 (2) shows the energy band diagram of the HBT
in forward active mode. The collector current is limited by
electron thermionic emission over the abrupt conduction-
band emitter-base barrier of energy AE.. In this situation
the collector saturation current is given by the familiar Ri-
chardson expression

Jthermionic = A *Tz exp( - qq)Bn /kB T')’ ( 1 )
where
g, = E, + EF,, + (LE. — qv,). (2)

In the above expressions, 4 * is the effective Richardson con-
stant, kp is the Boltzmann constant, ¢ is the electronic
charge, E,, is the band gap of the base, £ is the Fermi
energy of holes measured from the valence-band edge, AE,
is the conduction-band discontinuity, and V, is the diffusion
potential developed in the base. For a base doping
p=2X1i0" cm™? and emitter doping N = 1 X 10" cm™?,
¥, = 30 mV. The value of AE. may be obtaired from Eq.
(2) if E,, and E, are known. From the activation energy of
the collector saturation current in the temperature range
T = 160-39C K, we obtain a potential barrier @, = 1.25eV
for an AlInAs/InGaAs HBT with p =2x10" ¢cm™> It
now remains to determine £, + E .

in the inverse active mode, shown in Fig. 1{b), collector
current is given by electron diffusion across the InGaAs
base. In the diffusion process, the temperature coefficient of
the saturation current is determined by activation of minor-
ity-carrier density. Therefore, measuring the activation en-
ergy of collector current in inverse mode yields &, + Ep .
Values for InGaAs doped to p=2x10" cm™® and
p=1x10? cm—3 are listed in Table I The conduction-
band discontinuity AF. and valence-band discontinuity
AE, = AFE, — AE. (AE, is the difference between the
ernitter and base band gaps) are also listed in Table 1. The
band gap of the emitter £, was determined from photolumi-
nescence measurements. The values AE, =0.24 eV for
AllnAs/InGaAs and AE, = 0.34 eV for InP/InGaAs are
in good agreement with previous work, !¢

© 1280 American Institute of Physics 1460



{b}

FIG. 1. Energy-band diagram for 2 HBT in (a) forward active and (b)
inverse active modes showing conduction-band offset A&, valence-band
offset AE, and hole Fermi energy £, .

The band-gap and hole Fermi energy vary with base
doping concentration. Although there is no availabie data
for the amount of band-gap narrowing in heavily doped
InGaAs, we can estimate its magnitude from our experimen-
tal data and calculation of hole Fermi energy. In our analy-
sis, we assume that the valence bands of InGaAs are isotrop-
ic around k = 0 and treat nonparabolicity in the light hole
band using the k-p approach.'' Hole concentration is then
given by'?

p=2{kp (T 270 2Y PPLmi2F (W) + i
X [Fi2 (WY — 1Sykp (T/AENF (W) 1), (D)

where my, and my, are & = heavy hole and light hole
masses, respectively, and F, (W) is the Fermi-Dirac integral
for the reduced energy W= (E — E.)/k,T. The factor
y= —(1+E,/28,)/(1 —E,/2y)* is the nonparaboli-

TABLE 1. Measured energy-band parameters for the Al Ing.,As/
Ing 53 Gag 4, As and InP/Ing, 5, Gag 7 As heterostructures.

Alp iy Ing 5 As/Eng 53 Gag gr As InP/Ing 5; Gag e As

(eV) (eV)
E, 0.76 eV 0.76 eV
E, 1.48 1.35
AE, 0.48 0.25
AE .24 0.34
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FIG. 2. Calculated hole Fermi energy E,, as function of majority-carrier
concentration in the base.

city parameter where A, is the spin-orbit splitting, and y is
the momentum matrix element correspending to interaction
between different bands and can be estimated from the band-
edge effective mass of the light hole band (m,, = 0.051m,,
Ref. 13).

Figure 2 shows the calculated room-temperature hole
Fermi energy as a function of carrier concentration in the
range 10" cm * < p < 10*' cm 3. The effecitve density of
states in the valence bands of In, s, Gay 4, As is ~7 X 10"
cm . For hole concentrations above this value, Fermi ener-
gy moves inside the valence band. At p = 2> 10"%cm *and
p = 1x10°cm ™" we obtain £, = 40and 150 meV, respec-
tively. From Fig. 2 and Table I it is obvious that the large
increase in E,. (approximately scaling as p*/*) dominates
over band-gap narrowing. For £, = 150 meV the effective
valence-band barrier of an AllnAs/InGaAs device is re-
duced to 90 meV at room temperature (7= 300 K) and 190
meV for an InP/EInGaAs device. 1tis clear from the results in
Table I that the InP/In, ., Ga, 4, As heterojunction has a
greater valence-band offset than Al Ing s, As/
Ing 53 Gag ey As. As a conseguence, an InP/Ing ., Gag ., As
HBT is better able to confine carriers to a heavily doped p-
type base region thereby minimizing back injection of holes
into the V-type emitter. It should be noted that, in calculat-
ing the Fermi energy at very high carrier concentrations, one
needs to include terms higher than fourth order in the energy
dispersion relation, and thus the k-p approximation becomes
less accurate. However, since the underlying physics, name-
Iy, the restriction imposed on electron population by the ex-
clusion principle, remains the same, the phase space filling
will still be severe. o

The practical limits to p-type doping level have been
explored by measuring the static common emitter current
gain 3 of a number of samples with varying base thickness
Z, and p-type doping level. Measured room-temperature
{7 =300 K values of # are plotted as a function of Z; for
p=1x10" cm™? in Fig. 3. As may be seen, current gain
rapidly decreases from f =45 at Z, =500 A to 8= 10 at
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FIG. 3. Dependence of common emitter current gain £ on base thickness
Z, for InP/InGaAs HBTs with base doping p= 1 X 10* cm >

Z, = 800 A. The decrease in 8 with increasing base thick-
ness &, is expected and is due to the increased probability of
electron scattering in a thicker base and the subsequent in-
creasein base current. However, for Z; <400 A current gain
is constant at 5~ 50. The current gain is now limited by back
injection of holes into the A-type emitter rather than the
probability of conduction-band electron scattering in the
base. The importance of this result is that for p = 1 x 10%
cm 7, B is limited to a modest value by majority-carrier
confinement. Thus an InP/In, ;; Ga, ; As N-p-u HBT opti-
mized for maximum £ and minimum R, with p = 1 X 10%
cm ~* has a base width of Z, ~ 500 A resulting in R 5 ~ 350
1 0" The measured static transfer characteristics for a
device with Z, ~200 A and p = 1 X 10°° cm ™ * are shown in
Fig. 4. As expected, the measured ideality factor for the base
current is unity, and the current gain is limited by the back
injection of holes. By increasing the base doping to
2 =5X10% cm? base resistance can be reduced to R,
~1250Q 00 'for Z, = 500 A. Although the increase in p is
not expected to increase electron scattering in the base,” re-
duction in p-type carrier confinement due to the increase in
Fermi energy £, results in a dramatic reduction in the ex-
perimentally measured current gain from g =45 for
p=1x10"cm ? to f= 12 for p = 5X 10° cm . Thus,
there are practical limits governing emitter injection effi-
ciency beyond which it becomes difficult to exploit the ad-
vantages of high base doping in HBTs.

In conclusion, we have experimentally determined band
offsets in In, s; Gag 47 As HBTs using low-temperature elec-
trical and photoluminescence measurements. Cur results in-
dicate a valence-band offset AE, =025 eV for
Al 3 Ing s, As/Ing 53 Gay ., As and AE, =0.35 eV for
InP/Ing 53 Gag 4 As. Thus, InP/Ing 54 G845 As HBTs with
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FIG. 4. Transfer characteristics for an InP/InGaAs HBT with base thick-
ness Z, = 200 A and base doping p = 1 X 10® cm™ *.

a heavily doped p-type base have better emitter injection effi-
ciency. However, the need for low base resistance while
maintaining useful values of current gain in a transistor
(Bf=50) limits base doping levels to around (1-5) x 10*
cm™?. Exploitation of the benefits of even higher doping
levels requires improved carrier confinement which might
be possible by, for example, increasing the indium content in
the base.
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