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ABSTRACT

InGaAs/InP heterojunction bipolar transistors
grown in a multi-wafer metal-organic chemical
vapor deposition system will be demonstrated.
Excellent large and small area DC and RF
results are obtained for single and double
heterojunction structures. The large area DC
current gain was increased by a factor of 3 at a
given base sheet resistance via growth
optimization. DHBT devices exhibit a current
gain cut-off frequency of f; ~ 125 GHz and a
unilateral gain cut-off frequency of fiax ~ 125
GHz.

INTRODUCTION

InP-based heterojunction bipolar
transistors (HBTs) are being developed for 40
Gbps lightwave circuits and  wireless

applications. Compared to GaAs-based HBTs,
InP/InGaAs HBTs have lower turn-on voltage
and a higher frequency of operation. The
dominant growth technology in InP production
has been molecular beam epitaxy, which
employs beryllium or carbon doping in the
InGaAs base. Carbon-doped InP/InGaAs HBTs
have demonstrated improved reliability in
comparison with Be because carbon has a
significantly lower diffusion rate in InGaAs [1].
The development of carbon-doped InP/InGaAs
HBTs grown by metal-organic chemical vapor
deposition (MOCVD) will accelerate the
insertion of InP HBTs into reliable, commercial
circuits in a cost-effective manner.

RESULTS AND DISCUSSION

InP HBT device wafers were grown
using low pressure MOVPE in an Aixtron 2400
multiwafer production system. The layering

sequence (from the top surface) consisted of a
highly doped n'-InGaAs contact layer, a 500 A
thick InP (3x10'7 ¢cm™) emitter, and a 400 -
1200 A thick C-InGaAs (2-3x10'%) base layer.
This was followed by a 2000 A thick InGaAs or
InP (1x10'® cm™) collector and a 4000A thick
InGaAs (4x10"® cm™) subcollector. Large area
devices (75 um x 75 pum) were fabricated at
Kopin using a simple wet-etching process and
tested in the common base configuration using
an HP4145 parametric analyzer. Small area
devices were fabricated and tested at Rockwell
Scientific Corporation.
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Figure 1: SIMS analysis plotting silicon,
tellurium, carbon, and hydrogen concentrations
versus depth in an InP/InGaAs HBT.

Figure 1 presents secondary ion mass
spectroscopy (SIMS) results from a typical
SHBT. The results are consistent with the
structure defined above, indicating that well
defined layers are present. Hydrogen
passivation of the carbon in the InGaAs base has


mailto:pdeluca@kopin.com

been previously described by many groups [2].
The carbon concentration in the base is =~ 6x10"
cm” and the hydrogen concentration is =~ 2x10"
cm™. This is consistent with the active carbon
doping level estimated by Ry and base
thickness. Increasing the active carbon doping
concentration in the base from ~ 1x10" to
3x10"” cm® increased the  hydrogen
incorporation from =~ 5x10' to 2x10" cm™.
The SIMS results indicate  that hydrogen
passivation is increasing with carbon doping
concentration, yet it remains at levels permitting
acceptable device performance. The hydrogen
concentration in carbon-doped InGaAs is similar
to the concentration in MOCVD grown GaAs
base layers. InGaP/GaAs HBTs grown by
MOCVD have excellent reliability suggesting
that the hydrogen concentration present in the
InGaAs layers will not have an adverse affect on

reliability [3].
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Figure 2: The DC current gain measured at 1
kA/cm’® in large area devices (L = 75 um x 75
um) as a function of Ry, (variable base thickness
and doping). The solid line represents a power
fit to the Kopin data sets. Representative data
from the literature are included for reference

[4]-[6].

Figure 2 plots the DC current gain ()
versus base sheet resistance (Rg,) at a collector
current density J. = 1.0 kA/cm? for a series of
InP HBTs with varying base thickness and
doping levels. Within each series the base
thickness and doping level is varied between
500 — 1100 A and 2 — 3 x10" ecm™, respectively.
A representative set of data from the literature is
also presented for comparison [4]-[6]. The DC
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current gain for all the samples appears to vary
as a function of the square of the Ry, (solid line
fit to Kopin data). This differs from GaAs-
based HBTs, which exhibit a linear dependence
on Ry,. Preliminary results suggest that base
thickness, not base doping level, is responsible
for the Rg-squared dependence. The growth
conditions in series 2 were optimized to
maximize the DC current gain, resulting in a
factor of 3 increase in the 3 for a given Rgy,.

)
=]

s
o

=
=)
A

Base,Collector Cument (A)

Base Voltage (V)

%1072 Common Emitter Output Curves

Caollector Current (A)

0 0.5 1 1.5 2
Collector Voltage (V)

Figure 3: (a) Gummel plots from an InP SHBT
small area device (2 x 4 umz) with a 2x10" cm™
carbon doped base. The base thickness = 600 A
and the Ry = 940 ohms/sq. (b) Output
characteristics of the same device with a base
current step of 4uA.



Figure 3 shows the gummel plots and
common emitter characteristics of a typical
SHBT small area device (2 x 4 umz) with a
3000 A collector, a 600 A base and Ry, = 940
ohms/sq (N, = 2x10" ¢cm™). The gummel plots
are nearly ideal with no observed base leakage.
The SHBT structure begins to breakdown under
modest bias conditions, as expected. The RF
properties of a similar SHBT structure with a
2000 A collector were measured on a 1 x 10 u
m” device. The current gain cutoff frequency, fi,
and the power gain cutoff frequency, fi.x, were
measured at >150GHz and 110 GHz,
respectively, at a current density of 2x10°
Alem’.

The turn-on voltage (Vy.), defined as the
base-emitter voltage at a given collector current
density, of an HBT is another important figure
of merit. The turn-on voltage of InP/InGaAs
HBTs has an added layer of complexity relative
to GaAs HBTs due to the ternary InGaAs base
layer. Vp. is a function of the conduction band
spike at the base-emitter interface, the base
sheet resistance, and the band gap of the base
layer [7]. Therefore, the composition of the
InGaAs base layer, which determines the band
gap, will alter Vy,.. Indium rich base layers will
have a lower Vi, while Ga rich layers will have
a higher Vy., given similar base sheet resistance
and conduction band spike heights. In order to
properly compare turn-on voltages of different
InP HBT structures the Rg,, base-emitter base
conduction band height and composition of the
base layer must be supplied.

Figure 4 shows the gummel plots and
common emitter characteristics of an initial
DHBT small area device (1 x 10 umz) with a
3000 A collector, a 600 A base and Ry, = 820
ohms/sq (N, = 2.5x10"” c¢m™). The DHBT
structure was grown with minimal transition
between the InP collector and InGaAs base.
Again, the gummel plots are nearly ideal with
no cross over indicated. The common emitter
results are not as healthy as those of the SHBT,
Fig. 3. The common emitter curves highlight
the advantage and challenges of the InP DHBT
structure. The knee voltage suggests that a
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Figure 4: (a) Gummel plot from a 1x10 umz
InP DHBT with a 600 A base and Ry, = 820
ohms/sq (N, = 2.5x10" cm™). (b) Output
characteristics of the same device with a base-
current step of 4 LA.

conduction band spike is present at the base-
collector interface. However, unlike the DHBT,
SHBTSs show avalanche under modest bias. The
current gain versus frequency at lmA/um2 is
shown in Figure 5. The bias dependence of f;
and f.x 1S shown in Figure 6. RF
characterization of this device measured an f;
and f,.x of 125GHz. This was an initial effort at
a DHBT with essentially no effort to suppress
the base-collector conduction band spike.
Improvements to the DHBT structure, such as
thinning the base and collector, will improve the
high frequency response of the device.



Additionally, minimizing the base-collector
conduction band spike will allow the device to
be driven at higher collector current densities,
inmproving the frequency response of the
DHBT. Further efforts to suppress the base-
collector conduction band spike through the use
of setback layers and linear grades are in
progress.

40 ,
i
4 O E o ]
30 [1@.80.@ h21 —
1 055, i ]
—_ 5%
m
z
P 20 ._
©
o b
ol F=125GHz |
bl Froax =125 GHz ) :
0 11
10° 10"° 10™ |

Frequency (Hz)

Figure 5: Current gain versus frequency for the
device from Fig. 4. The current density is 1
mA/umz. F; and F,,x are extrapolated at —20
dB/decade.
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Figure 6: High-frequency dependence on

collector current density of the DHBT shown in
Fig. 4.

CONCLUSIONS

Carbon-doped InP/InGaAs HBTs with excellent
large and small area DC and RF results have
been grown in a multi-wafer MOCVD reactor.

Gummel plots from SHBT and DHBT exhibit
nearly ideal behavior. The DC current gain has
been shown to vary as a function of the square
of the base sheet resistance. SHBT structures
with an f; > 150 GHz and DHBT structures with
fi/fax = 125 GHz have been shown.
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