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Abstract

Simultaneous n-type and p-type diffusion, compositional mixing,
and formation of ohmic contacts, have been employed in the fabri-
cation of lateral p-i-n photodetectors for short (0.85 um ) and long (1.3
pm and 1.5 pm) wavelengths. Zinc-doped tungsten (W(Zn)) and
MoGe; are employed for the p-type and n-type contacts, doping, and
compositional mixing using rapid thermal processing at ~750 °C. With
structures utilizing GaAs and GanssInessAs active regions, 3-dB band-
widths exceeding 7.5 GIiz and 18.0 GHz respectively, have been
achicved at bias voltages of ~5 V. The corresponding dark currents are
sub-100 pA and sub-10 nA and the devices exhibit a large dynamic
range, near-ideal responsivity, and a high sensitivity. The perform-
ance, ease of fabrication, and process compatibility make these devices
suitable for integration in digital circuits employing field cffect transis-
fors.

Introduction

Present day digital optical communication circuits are largely based
on vertical p-i-n photodetectors because of their high sensitivity, large
dynamic range, low dark currents, large bandwidths, and easc of fabri-
cation. Such circuits, however, utilize hybrid technology because of
difficultics in integrating vertical detectors with planar transistors and
other circuit components. Monolithic integration of the vertical p-i-n
structures requires shortening of the active region to limit the non-
planarity of the surface. This has to be accomplished without a signif-
icant change in the cross-section area of the device which is determined
by requirements of coupling to a fiber. Therefore, the short active re-
gion in a monolithically integratable vertical structure results in a
higher capacitance and poorer bandwidth. Metal-semiconductor-metal
(m-s-m) photodetectors [1,2], formed as lateral structures, have been
explored and utilized as an alternative for monolithic integration. 3-dB
bandwidths in the 5-10 GHz range have been achieved in these struc-
tures at bias voltages of ~10 V and higher. The bandwidth and bias
limitations of m-s-m structures arise from hole storage and hole trans-
port effects due to the use of an abrupt-interface larger bandgap mate-
rial at the surface (e.g., AlpslngAs/GagwlngesyAs) in order to reduce
dark currents. One of the major advantages of p-i-n structures is the
efficient collection of both carricrs with the use of reversed biased
graded semiconductor homojunctions or heterojunctions. p-i-n struc-
tures, therefore, do not exhibit hole storage effects,

The problem of larger capacitance of vertical monolithic p-i-n
structures can be alleviated by the use of a lateral geometry p-i-n
structure [3,4]. Earlier reports [3,4] utilized homojunctions in GaAs
and a non-self-aligned technology based on implantation and AuGe
contacts. Reference [4] demonstrated a p-i-n/FET receiver with +3
dB response in the 2— 4 Gz range. Here, we report a significant ex-
tension of the performance and the use of GagwlnesiAs and
heterostructures with a self-aligned doping and contacting process that
allows for heterojunction grading in the contact regions. The tech-

niques employed are compatible with heterostructure  and
homostructute field effect transistors and should allow receiver band-
widths to be extendable to ~20 GGHz employing digital power supply
voltages.

Device Fabrication

The schematic geometry of the structures reported here is shown
in Fig. 1. UndOpcd Al,Ga,..As/GaAs or /\ln.ﬂlnnAs:AS/Ganuhlo.ssAS'
where the larger bandgap material serves as a surface barrier layer and
the smaller bandgap material serves as the active carrier generation
layer, are grown with thicknesses compatible with the insulator-gate
heterostructure field effect transistors (IIFETs) or heterostructure
metal-semiconductor field effect transistors (ITMESFIITs). GaAs
MESFFETs can be fabricated by removing the barricr layer. For im-
provement of the material quality and reduction in trap-assisted carrier
generation-recombination processes, the underlying layers of this
structure can consist of superlattices that may also be designed for
maximum reflection.

W(Zn) MoGe,

AllnAs

i-GalnAs

GaAs substrate /
inP substrate

1. A schematic of the lateral p-i-n device structure,

The p-type and n-type collection regions arc formed by diffusion
from metal films that also form the ohmic contact. The p-type region
utilizes a Zn-doped W film [5] and the n-type region utilizes MoGe,
[6]. During and after diffusion, a layer of silicon nitride serves as a
diffusion barrier and insulating layer for interconnections. Using rapid
thermal processing at 700~ 750 °C for 30— 60 s, p- and n-type dif-
fusion depths of less than 1000 A are obtained. The diffusion of zinc
and germanium, during the rapid thermal process, causes a doping of
~10% cm~3 p-type and high- 10" cm~? n-type. These result in the si-
multaneous formation of p-type and n-type ohmic contacts. The dif-
fusion also has another device-related attribute. The diffusion of zinc
and germanium involves group 11 lattice sites. This results in compo-
sitional mixing in the regions under the contact and in grading of the
previously abrupt barriers. Compositional mixing resulting from dif-
fusion of zinc from a vapor source [7] is now well documented, al-
though the underlying theoretical basis for compositional mixing is
subject to some debate since during diffusion most of the zinc is at
interstitial sites [8,9]. Here, we have adopted a metal-based film that
also forms a self-aligned ohmic contact. However, the features related
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2. Current-voltage characteristics at 77 K and 373 K for a
Gag,AlesAs/GaAs p-i-n structure. The device has 2 pm finger
length, 90 pm finger width, 1 ym finger spacing, and 8 fingers
of p-type and n-type contacts.
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3 Current-voltage characteristics between 77 K and 353 K for
an AlpasIngs2As/GagarInessAs p-i-n structure. The device has
2 pm finger length, 90 pm finger width, 1 pm finger spacing,
and 8 fingers of p-type and n-type contacts.

to compositional mixing from a vapor source are maintained since the

mechanisms of diffusion, involving the group 11 lattice sites, are ex-

pected to be similar. The compositional mixing resulting from dif-

fusion of germanium is also expected to be similar to that due to

diffusion of silicon. The Jatter has been cffectively employed in fabri-

cation of electronic and optical device structures [10,11]. The use of

MoGe; results in enhanced diffusion of germanium to the desired dif-

fusion depths at time scales compatible with rapid thcrmal processing

and abrupt heterostructure field effect transistor fabrication.

Resuits and Discussion

The dark current-voltage characteristics for GaAs and
Gagarlnes;As active regions, i.e., for short and long wavelength struc-
tures, are shown in Fig. 2 and 3 for a broad temperature range between
77 K and >353 K. The dimensions of the device structures are indi-
cated in the captions of the figures. The dark currents in the short
wavelength structures remain below a nA and those for long wave-
length structures remain below 100 nA over the tempcrature range
shown. These are similar to the best results reported on m-s-m struc-
tures and indicate preservation of junction quality during the sclf-
aligned diffusion process. To ascertain the underlying mechanism of
this current, Fig. 4 and § show the activation cnergy plots for reverse
and forward currents of representative p-i-n structurcs. The activation
encrgies exceed half of the bandgap, indicating appreciable generation-
recombination effects; this is not uncxpected in a p-i-n structure which

10™8 T

, ot =1.5 V, AE=0.71 eVJ
10 at 0.5V, AE=0.84 eV
1078

10~
10-10
101
10—12
10—1.‘5
10—-14

Current (A)

TR T G 1

1080/ &1 "

Current at a reverse bias of 1.5 V (circles) and forward bias of
0.5 V (squares) as a function of the inverse of the temperature
for a representative Gag;Alo3As/GaAs p-i-n structure. The ac-
tivation energy in forward bias and reverse bias correspond to
7ero-voltage extrapolation energies of 0.71 ¢V and (.84 eV.
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Current at a reverse bias of 2.0 V (circles) and forward bias of
0.26 V (squares) as a function of the inverse of the temperature
for a representative AloalInes:As/GagaIngssAs p-i-n structure.
The activation encrgy in reverse bias and forward bias corre-
spond to zero-voltage extrapolation energics of 0.46 eV and
0.53 eV.
contains a large region for bulk generation-recombination processcs.
However, this activation energy can also arise from surface effects. We
verify that this is not the case by measuring the current densities, in
forward and reverse bias, for varying finger sizes, i.c., with varying
perimeters. Fig. 6 and 7 show absence of a clear correlation between
perimeter and current density. Thus, the large bandgap surface barrier
layer appears to be effective in reducing surface recombination and the
transport in the structures is dominated by bulk effects with lifetimes
exceeding a ps. These lifetimes are of the same order as obtained in the
as-grown material. The large built-in voltage, which is close to the
bandgap, and the suppression of perimeter effects, allow the low dark
currents obtained in these structurcs. Unlike p-type implantation-
based [3] or AuGe-contact based [4] structures, the use of diffusion
allows a large lifetime to be retained. It also allows for a sclf-aligned
structure with a corresponding simplification in the process.

For both short and long wavelength devices, with finger spacings
between 1.0 pm and 4.0 im, the bandwidths rise rapidly for bias volt-
ages between 1.5 V and 3.5 V. Direct bandwidth measurements, using
an apparatus limited to 3--4 GIlz, are shown in Fig. 8 for the long
wavelength structure at two different finger spacings. The points in
excess of 3 GHz should be discounted due to the limitations of system
resolution but this figure serves to show that even relatively large finger
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6. Current density at a reverse bias of 1.5 V and forward bias of

0.5 V as a function of the finger size for representative
Gay7Aly3As/GaAs p-i-n structures.
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7. Current density at a reverse bias of 2.0 V and forward bias of
0.26 V as a function of the finger size for reprcsentative
Al 4sIg 52As5/GagarIng.s3As p-i-n structures.

spacings of 4 um are sufficient to obtain >4 GHz bandwidth at bias

voltages of 4 V.

Temporal measurements allow us to determine the bandwidths
more accurately using Fourier transformation. For the structure of
Fig. 8, they exceed 5 GHz at both finger spacings at ~3.5 V bias and
for the shorter finger spacing they saturate at a reverse bias below 7.5
V. Bandwidths exceeding 7.5 Gz and 18.0 GHz respectively have
been obtained using the short wavelength and long wavelength struc-
tures at =5 V bias. Figures 9 and 10 show the temporal response and
the de-convolved frequency response for a long wavelength detector.
‘This device has a finger length of 1.4 um, a spacing of 2 um, and has
3 fingers of 20 pm width each. The full width at half maximum
(FWHM) ranges between 31 and 35 ps for 3 to 6 V bias voltage for this
structure, and is largely dominated by the pulse and probe time con-
stants estimated to be ~15 ps each. The latter have been extracted in
the de-convoluted data of current response shown in Fig. 10. The 3-dB
bandwidth for this example exceeds 18 GHz. The structures also do
not exhibit excess long time constant tails, usually observed in m-s-m
structures, at bias voltages excceding 1.5 V. The tails of Fig. 9 are
dominated by the non-idealities of the measurement
system—reflections and secondary pulses from the laser.

As compared to m-s-m structures, the attractive dynamic attri-
butes of the p-i-n structures are believed to result partly from compo-
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8. Directly measured 3-dB bandwidth for
Al asInos2As{Gag.srIngssAs p-i-n structures of 2 um and 4 ym
finger spacing. The system resolution is 3 GHz.
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9. Temporal response of the Gagalngs:As p-i-n structure. The

finger spacing is 2 pm and the device has 3 p- and n-type fin-
gers which are 20 um wide.
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10. De-embedded frequency response using Fourier transform of
the temporal response for the GagarIngs3As photodetector. The
finger spacing is 2 um and the device has 3 p- and n-type fin-
gers which are 20 um wide.

sitional mixing of the abrupt interface together with the ability to form

an acceptable ohmic contact. Fig. 11 shows a surface plot, at thermal

equilibrium, of the conduction band edge in the region between two
cross-sections through the n-type and p-type contact regions and going
into the substrate. The compositional mixing and doping removes or
reduces the barrier to flow of carriers, allowing for efficient collection
of both electrons and holes. p-i-n structures also have a large built-in
electric field because of the larger built-in potential. Fig. 11 shows the
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138 Surface plot of the conduction band edge, for a

GapiAk3As/GaAs p-i-n structure, plotted between the n-type

and p-type contact and going into the substrate. The finger
spacing is 2 um.
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12. The responsivity of an  AlaslnesAs/GagslngsAs

photodetector as a function of light intensity.

existence of this built-in field for both electrons and holes. This field
allows for larger carrier velocities to be achieved at small bias voltages.
Thus, the efficient transport and collection allows for larger band-
widths at smaller bias voltages than a comparable m-s-m structure.
The compositional mixing also substantially reduces the long time
constant tails in the temporal response and the low-frequency gain.
For example, the leakage current, with illumination, is estimated to
increase only by 5 nA at 7.5 V in the long wavelength devices. These
voltages, unlike other reports of large bandwidth detector structures,
are now compatible with power supply voltages of digital circuits.

The structures, as expected, exhibit large responsivities as well as
large dynamic range. The responsivity of a long wavelength structure
(~0.53 A/W) is shown in Fig. 12. This rcsponsivity corresponds to
~95 percent internal quantum efficiency and originates both in the ef-
ficient collection as well as the unintentional reflectivity of an under-
lying Alpglngs2As buffer layer. The dynamic range and nearly-flat and
bias-independent response of the responsivity is a particularly impor-
tant attribute of these structures. ‘This behavior results largely from the
compositional mixing and doping that allows for efficient collection
and the large built-in fields that allow for efficient transport at small
bias voltages.

Microwave measurements, in the absence of illumination, show
that the capacitances of the structures at zero bias arc slightly larger
than those of the corresponding m-s-m structures. For a structure with
8 fingers of 2 pm length and 90 um width that are spaced 2 ym apart,
the zero bias capacitance is ~150 F and reduces to ~80 fI" at 5 V re-
verse bias. The additional capacitance inherent in a lateral p-i-n

structure appears to be small due to the larger built-in voltages, com-
pared to m-s-m structures.

The large bandwidths achicved in these devices exceed the require-
ments of present optoelectronic circuits. However, a particular advan-
tage accrued from these large bandwidths at small biases, a high
responsivity, and a large dynamic range, is the ability to trade-off these
features to obtain a detector with a very relaxed geometry but still ex-
hibiting high sensitivity and large bandwidths at voltages that are de-
sired in digital circuits. Thus, the techniques presented here should still
be of interest in optoelectronic circuits at lower frequencics and speed.

Conclusions

We have developed a method for fabricating nearly-ideal lateral
p-i-n photodetectors for both long and short wavelengths. These de-
tectors utilize voltages that are compatible with digital circuits and
utilize material structures that are compatible with heterostructure-
based FET technologies and with MESFET technologies. The struc-
tures are similar to m-s-m structures and require one or two additional
mask alignments. These devices permit the use of lower bias voltages
by achieving efficient collection of electrons and holes. Additionally,
this bias advantage can be traded for higher sensitivity by utilizing
larger finger spacings.
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