contain high densities of threading dislocations.

In conclusion, by using a thermally cycled GaAs defect-
filtering layer to improve the quality of the laser structure,
we have achieved room-temperature cw operation of GRIN-
SCH GaAs/AlGaAs diode lasers grown on Si entirely by
OMVPE. However, major improvements in material quality
are still necessary in order to increase the reliability of these
devices to the level reguired for practical applications.

We acknowledge M. K. Connors, D. F. Kolesar, R. E.
McCullough, W. L. McGilvary, G. D. Silva, and D. M. Tra-
cy for technical support and A.. J. Strauss for critical reading
of the manuscript. This work was supported by the Defense
Advanced Research Projects Agency and the Department of
the Air Force.

'D. G. Deppe, D. W. Nam, N. Holonyak, Jr., K. C. Hsieh, R. J. Matyi, H.
Shichijo, J. E. Epler, and H. F. Chung, Appl. Phys. Lett. 5%, 1271 (1987).

*H. Z. Chen, A. Ghaffari, H. Wang, H. Morkog, and A. Yariv, Opt. Lett.
12, 812 (1987).

‘F. C. Connoily, N. Dinkel, R. Menna, B. B. Gilbert, and M. G. Harvey,
CLEQ Tech. Drig., 434 (1989).

“B-Y. Tsaur, §. C. C. Fan, G. W. Turner, F. M. Davis, and R. P. Gale, in
Proceedings of the 16th Photovoltaic Specialists Conference (IEEE, New
York, 1982}, p. 1143,
°R. Fischer, D. Neumann, H. Zabel, H. Morkog, . Chai, and N. Otsuka,
Appl. Phys. Lett. 48, 1223 (1986).

ON. A. El-Masry, J. C. L. Tarn, T. P. Humphreys, N. Hamaguchi, N. H.
Karam, and 8. M. Bedair, Appl. Phys. Lett. 51, 1608 (1987).

“N. Hayafuji, 8. Ochi, M. Miyashita, M. Tsugami, T. Murotani, and A.
Kawagishi, J. Cryst. Growth 83, 494 (1988).

SH. K. Choi, J. W. Lee, J. P. Salerno, M. K. Connors, B-Y. Tsaur, and J. C.
C. Fan, Appl. Phys. Lett. 52, 1114 (1988).

°C. A. Wang, H. K. Choi, and M. K. Connors, Photon. Technol. Lett. 1,
351 (19893,

““H. Kobayashi, H. [wamura, T. Ssku, and K. Otsuks, Electron. Lett. 19,
166 (1983).

'S, Sakai, H. Shiraishi, and M. Umeno, IEEE §. Quantum Electron. QE-
23, 1080 (1987).

2D. C. Hall, DB. G. Deppe, N. Holonyak, Jr., R. J. Matyi, H. Shichijo, and J.
E. Epler, I. Appl. Phys. 64, 2854 (1988).

Performance characteristics of ing ; Ga, ; As/Ing ., Al ,; As modulation-doped
field-effect transistor monolithically integrated with in, ., Ga ,; As p-i-n

photodiodes
Y. Zebdsa, P. K. Bhattacharya, and D. Paviidis

Center for High-Frequency Microelectronics and Solid State Electronics Laboratory, Depariment of
Electrical Engineering and Computer Science, The University of Michigan, Ann Arbor, Michigan 48109

J. P. Harrang

Boeing Aerospace and Electronics, High Technology Center, Bellevue, Washington 98008
{Received 18 December 1989; accepted for publication 26 April 1990)

Pseudomorphic In, ,Gag, As/Ing s, Al .. As 1 um gate modulation-doped field-effect
transistors have been monolithically integrated with In, , Ga, 4+ As photodiodes for front-end
photoreceivers using one-step molecular-beam epitaxy and lthography technigues. A 1-um
thick undoped In, o, Ak, .4 As layer is used to isolate the two devices. The transistors are
characterized by g,, {(ext) = 500 mS/mm and f; = 9 GHz. The temporal response of the
photodiodes is characterized by 2 linewidth of 60 ps. The eye pattern of the photoreceiver
circuit for 1.7 Gbit/s pseudorandom optical signal is open and it is expected that the circuit
can perform at bandwidths up to 2.5 GHz. Measured bandwidths of ~6.5 GHz are obtained

by using regrowth.

There is increasing interest and activity in the area of
monolithic optoelectronic integration and in optoelectronic
integrated circuits (OEIC).'™® Technological issues related
to successiul monolithic integration of high-performance de-

. vices depends on the basic schemes of integration. There are
two choices: a vertical scheme which is easier to implement
by epitaxy, but may be Hmited by parasitic capacitances of
the isolating layer, and a planar scheme which can either
involve regrowth and/or diffusion or use devices such as
junction field-effect transistors and metal-semiconductor-
metal photodiodes.

We report here the performance characteristics of an
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integrated p-i-n photediode/modulation-doped field-effect
transistor (MODFET). A pseudomorphic Ing, Ga,,As/
In, o, Al, s As MODFET and In,.,Ga,,,As p-i-n have
been integrated using the vertical scheme. Pseudomorphic
MODFETs have recently demonstrated very impressive
low-noise performance® and the p-i-n photodiode is also a
low-noise device. Furthermore, in the design of the circuit
we have included a monolithic integrated inductor to im-
prove the high frequency response. The inductor values were
estimated from a frequency response analysis of the equiva-
lent circuit of the photoreceiver.” The best response charac-
teristics were achieved for L = 0.5 nH.

© 1990 American Institute of Physics 1918



The photoreceiver structure, schematically shown in
Fig. 1{a), was grown on (001} semi-insulating InP by mo-
lecular-beam epitaxy. The integrated p-i-n MODFETs were

480 870

made by a ten level process which includes several etching — - =
steps to contact the MODFET InGaAs doping layer, »* and fs; 230k doms5 £
p* layers of the p-i-n diode, and isclate the devices. Air- a
bridge technology was used for interconnection between
dual sources and other elements shown in Fig. 1(b). The
MODFETSs have 3.5-um source drain separation and gate %%s o 220
dimensions of 1 X 100 gm. The photodiodes are 30 50 pm? Vg (V)
in area and exhibit leakage currents less than 1 nA at 2 ve-
verse bias of 5 V at room temperature. {8y
FThe measured de current-voltage characteristics of iso-
lated 1-um gate MODFETs show depletion mode behavior 25.0
and good pinchoff. The maximum exirinsic transconduc-
tance is 500 mS/mm as shown in Fig. 2{a). The microwave 2007
performance of the MODFETSs were determined from mea- T is0l
sured S-parameters in the freguency range 45 MHz-18 GHz = )
using a CASCADE wafer probing station. The cutoff fre- § 100 L
D
S0+
3004 n+ InGaAs 3x10'8cm-3
200A i InAlAs 0.0 bt
.1 100
404 n+ InAiAs 5x 1018
30A i InAlAs Freguency {6Hzl
150A i in G2 4 A
400A i InGaAs (b3
10AN0A i inGaAs/inAlas SL. 20 periods FIG. 2. (a) Measured dc characteristics and (b) high frequency current
1 pm i InAlAs gain of an isolated 1-gm gate MODFET.
1000A nt inGaAs 3x 1018
3G00A nt InAlAs 3x 1018 quency of the transistor has been evaluated by plotting the
7500A i IhGahs current gain (4,,) as a function of freguency {Fig. 2(b)]
160 A ; inAlAs and is found to be 9 GHz. This result corresponds to the
5000A o+ InGaAs 5 4018 exirinsic performance of the device.
5000A o+ INAIAS 5108 The response speeds of the unconnected photodiodes

and the p-i-n MODFET circuit were measured with an
AlGaAs pulsed diode laser (A = 850 nm) having a nominal
pulse width of 100 ps. The photodiodes were mounted on a
(a) coplanar stripline and dc bias was provided through a HP
11612A bias-T network. The p-i-n MODFET was also simi-
larly mounted for the response speed measurements. The
microwave cutput resulting from pulsed photoexcitation
was taken out from the drain or the source terminal through
a second bias-T network. Best performance is observed with
the output signal from the source. The responsivity of the
unconnected photodiode at ~4 V bias is ~0.65 A/W and
the impulse response is characterized by a full width at half
maximum (FWHM) of 60 ps. The microwave output pulse
response to 100 ps laser excitation with the photodiode bi-
ased at 4 V is shown in Fig. 3. The rise time is limited by the
laser pulse rise time, which is ~ 150 ps. The FWHM is ~400
ps, which translates to 2 bandwidth of ~2 GHz. The mea-
to0um - sured eye pattern for 17 Gbit/s pseudorandom NRZ optical
signals is shown in Fig. 4.
In the course of our measurements we have observed
that distributed capacitive effects,' mainly resulting from
FIG. 1. (a) Schematics of the fabricated p-i-n MODFET; (b) SEM photo- the undoped InAlAs isolating layer, are responsible for de-
micrograph of integrated device with air bridges. grading the microwave performance of the FETs and per-

S InP Substrate

(b}
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FIG. 3. Measured temporal response characteristics of integrated p-i-n
MODFET to 100 ps AlGaAs laser pulse excitation.

haps the bandwidth of the circuit. We have performed a
SPICE simulation of the photoreceiver® taking inio account
an equivalent circuit resulting from the measured § param-
eters and the additional parasitic capacitances due to the
InAlAs layer. The calculated 3-dB cutofl {requency was
found to be 2.1 GHz, which is in good agreement with the
measured values. The highest bandwidth measured recently
in an InP-based OEIC optoelectronic receiver was a few
hundred Mbit/sec.® In this receiver an InGaAs junction
FET is integrated with an InGaAs p-i-n photodiode. Higher
bandwidihs of 5-7 GHz have been achieved with GaAs-
based submicron devices.” The merits of our integration
scheme lic in one-step epitaxy and the possibility of low noise
performance with optimized circuit design. We are investi-
gating the possibility of selectively implanting and disorder-
ing regions below the active MODFET device so as to elimi-
nate the distributed capacilance problem. With that, the
simple circuit demonstrated here could very easily achieve
bandwidths ~ 10-15 GHz. The other alternative is to use
regrowth. We have fabricated and characterized a prelimi-
nary InP-based photoreceiver circuit where an as-grown p-i-
n diode with a 1 gm /-region has been integrated with a 1-zm
gate pseudomorphic InGaAs/InAlAs MODFET. The as-
grown MODFETs have g, = 380 mS8/mm and f, = 30
GHz. The p-i-n diodes have a very low dark current of 30 nA
at — 10 V. From the temporal response characteristics of
the circuit a bandwidth of 6.5 GHz is obtained, which is
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FI(. 4. Measured eye pattern for 1.7 Gbit/s psendorandom NRZ optical
signal.

perhaps the highest value for ar InP-based photoreceiver.
Optimization of the circuit design is being made to produce
bandwidths > 10 GHz.

The work is supported by Army Research Office {URI
Program) under Contract DAATLO03-87-K-0007 and by
Boeing Aerospace and Electronics. The avthors would like
tothank M. Tutt, J. Pamulapati, P. R. Berger, and R. Lai for
their help.

'(y. Wada, T. Sakurai, and T. Nakagami, IEEE J. Quantum Electron. QE-
22, 805 (1986).

*Y. Miyagawa, Y. Miyamoto, and K. Hagimoto, Electron. Lett. 25, 1305
{1989).

*C. 8. Harder, B. Van Zeghbrosck, H. Meler, W. Patrick, and P. Vettiger,
IEFE Flectron. Device Lett. 8, 171 {1988).

43 K. Sung, G. Guth, G. P. Vella-Colero, C. W. Seabury, W. A. Sponsler,
and B. J. Rhodes, IEEE Electron. Device Lett. 8, 147 (1988).

K. Matsuda, M. Kubo, K. Ohnaka, and J. Shibata, IEEE Trans. Electron.
Devices 358, 1284 (1988).

K. H. G. Duh, P. €. Chao, P. M. Smith, L. F. Lester, B. R. Lee, J. M.
Ballingal, and M. Y. Kao, 1989 Microwave Theary and Technique Symipo-
sium Digest (IEEE, New York, 1989), pp. 923-926.

Y. Zebda, R. Lipa, M. Tute, D. Pavlidis, P. K. Bhattacharya, J. Pamula-
pati, and J. E. Oh, IEEE Trans. Electron Devices 35, 2435 (1988).

"W-(3. L1, Y. Zebda, P. K. Bhattacharya, D). Pavlidis, J. E. Oh. and §. Pamu-
lapati, Proceedings of the 12ih Biennial IFEE /Cornell Conference on Ad-
vanced Concepis in High Speed Semiconductor Devices and Cireuits, fthaca
(IEEE Publishing Services, New York, 1589), pp. 353-361.

“§.C. Renaud, L. Nguyen, M. Allovon, F. Heliot, F. Lisgiez, and A. Scaven-
nec, Electron. Lett. 23, 1055 (1987).

Zebda etal. 1220



