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Abstract — The experimental and theoretical study of the
surface-illuminated InGaAs p-i-n photodiodes for such mi-
crowave applications as photonic microwave generation,
optical control of microwave circuits and optoelectronic
mixing is presented.

I. INTRODUCTION

High-speed p-i-n photodiodes are used in the wide
range of microwave photonics applications from fiber-
optic lines and fiber-on-radio systems to photonic meas-
urement systems for detection and conversion of optical
signals [1], microwave generation [2-4], as well as optical
control of microwave circuits and devices [5]. From mi-
crowave point of view the photodiode can be used as mi-
crowave generator, varactor, or mixer depending on its
application in microwave system.

The main goal of this paper is provide some design op-
timizations of the surface-illuminated InGaAs p-i-n pho-
todiodes for such microwave applications as photonic
microwave generation, optical control of microwave cir-
cuits and optoelectronic mixing via measured data and
computer modeling based on harmonic balance method
[6] and one-dimensional drift-diffusion scheme [7].

II. P-I-N PHOTODIODE FOR MICROWAVE GENERATION

Recent advancements in microwave photonic systems
have focused on high-power photodetectors. In micro-
wave photonic systems using optical-fiber amplifier as a
preamplifier high-power photodetectors can produce out-
put electrical signal with enough power to directly drive
the following microwave circuit [2,3]. The usage of high-
power photodetectors increases the dynamic range and
reduces the loss and noise figure of analogue fiber-optic
links. Also photodetectors with high saturation current
are needed for photonic measurement systems of high-
speed electronic devices [4].

The p-i-n photodiode output power is limited by photo-
current saturation under high optical power due to screen-
ing of an internal electric field by photogenerated charge
carriers (space-charge effect) and by thermal failure. So
the key point in the design of high saturation current sur-
face-illuminated p-i-n photodiodes is creation of strong
internal electric field at the bias voltages near zero. It is
known that high saturation current of the p-i-n photodi-
odes is associated with uniform and p-side illumination of
photosensitive area, as well as low doping densities of
absorption i-layer [8]. Fig.l demonstrates the space-
charge effect for p-side-illuminated p-i-n photodiode with
1um-thick, 10"®¢m™ doped p'-InP top layer, 1um-thick,
10%cm™ doped n-Ings;Gag4;As absorption layer and
3-10"%ecm™ doped n'-InP substrate. It is seen that under
illuminated power density 50W/cm® the electric field in
the absorption n-InGaAs layer is completely destroyed.
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Fig.1. Simulated electric field into the p-i-n photodiode
structure for different illuminated power densities
at the wavelength 1.55um and zero bias voltage.

Additional way to enhance the saturation current of the
surface-illuminated p-i-n photodiode is to eliminate the
influence of valance band discontinuity at the heterointer-
face p’-InP/n-InGaAs on charge carriers transport. For
this purpose it is possible to increase p'-region doping
density. This results in increasing of the electric field at
the heterointerface p'-InP/n-InGaAs, although in dark
conditions the electric field in the absorption n-InGaAs
layer remains the same. Thus, under illumination photo-
generated holes can easier overcome the barrier at the
heterointerface p'-InP/n-InGaAs. Fig.2 shows the electric
field in the studied p-i-n photodiode structure with differ-
ent doping densities of the p'-InP top layer for illumi-
nated power density 50W/cm? and zero bias. It is seen
that high doping densities of p'-region results in the low-
ering of the space-charge effect.
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Fig.2. Simulated electric field into the p-i-n photodiode under
different p'-region doping densities for zero bias voltage and
illuminated power density 50W/cm? at the wavelength 1.55pum.

Direct way to decrease the barrier for holes at the het-
erointerface p -InP/n-InGaAs and thus enhance saturation
current is to use p+-InXGaI_,(Asl_yPy top layer with nar-
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rower bandgap than InP. Fig.3 shows the electrical filed
in the considered p-i-n photodiode structure with different
composition of the p'-In,Ga,As, Py top layer for illu-
minated power density 500W/cm? and zero bias. One can
see that usage of p'-Ing77Gag23AsesPos top layer in-
creases the optical power range more than order, because
the barrier at the heterointerface p -InGaAsP/n-InGaAs is
lower in two times than for the heterointerface p'-InP/n-
InGaAs. It is necessary to note that in this case p-i-n pho-
todiode sensitivity is decreased at the shortwave region.
To eliminate this effect and simultaneously remove the
barrier at the heterointerface the thin graded bandgap n-
In,Ga, 4As;,P, layer between p'-InP top layer and ab-
sorption n-InGaAs layer can be used.
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Fig.3. Simulated electric field into the p-i-n photodiode with
different composition of the p+-InxGa1,XAsl_yPy top layer
lattice-matched to InP for illuminated power density
500W/cm? at the wavelength 1.55um and zero bias.

II1.P-1-N PHOTODIODE FOR OPTICAL CONTROL

P-i-n photodiodes are of considerable interest in such
microwave application as optical control of microwave
circuits [5]. Optical control provides high tuning speed
and range, easy integration with optical processing de-
vices, as well as it is no matching and parasitic compo-
nent problems since control signal is introduced directly
to the microwave circuit. Moreover it gives the possibility
of remote optical control by means of fiber-optic links,
which is important for phase array antennas and fiber-
optic microwave subcarrier systems.

One of the effective methods of optical control is the
usage of p-n junction capacitance change under illumina-
tion due to space-charge effect. Such p-i-n photodiode
can be called as photovaractor [9]. In this application the
main requirements to the photodiode are high capacitance
ratio and low control optical power.

The photovaractor studied is 35pum-diameter p-side il-
luminated p-i-n photodiode placed in a pigtailed fiber
optical module. Its epitaxial structure consisted of 1pum-
thick, 10%cm™ undoped n-IngoGagAsg23Po77 top layer,
3um-thick, 10%cm™ undoped n-Ing 53Gag 47As absorption
layer, 1pum-thick, 3-10%cm™ doped n"-Ing 9Gag 1A 23P0 77
contact layer, and a 400um-thick semi-insulating InP
substrate. The p'-region was formed by local Zn diffusion
into the wide-bandgap n-InGaAsP top layer. Fig.4 shows
the change of the photovaractor impedance under illumi-
nation with optical power from 0 to 4mW for different
frequencies and zero bias voltage.
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Fig.4. Photovaractor S;; parameters versus optical power at the
wavelength 1.55um under different frequencies and zero bias.

Fig.5 shows photovaractor p-n junction capacitance
and resistance calculated from measured S;; parameters.
One can see that for the frequencies lower than 0.5GHz
p-n junction capacitance under illumination strongly de-
pends on frequency and for the frequencies higher than
1GHz it is almost not depended on frequency and maxi-
mal capacitance ratio is about 2. Such capacitance behav-
ior is explained by the fact that p-n junction capacitance
consists of barrier capacitance, which increases under
illumination due to decrease of space-charge region width
and doesn’t depend on frequency, and diffusion capaci-
tance, which increases under illumination due to diffusion
of nonequilibrium photogenerated charge carriers into the
p- and n- sides of the p-n junction and strongly decreases
at the high frequencies.
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Fig.5. Photovaractor p-n junction capacitance (a) and
resistance (b) versus frequency under different optical powers
at the wavelength 1.55um and zero bias voltage.

12th GAAS® Symposium - Amsterdam, 2004



P-n junction resistance is significantly decreased by il-
luminated power as shown in Fig.5(b). However, for the
illuminated power lower than 2mW p-n junction resis-
tance is well above of typical microwave transmission
line impedance 50 QQ and photovaractor impedance is
determined only by p-n junction capacitance.

In the photovaractor design there are tradeoffs between
high capacitance ratio, low control optical power, and
high p-n junction resistance [10]. To enhance capacitance
ratio it is necessary to increase illuminated power density
and decrease dark p-n junction capacitance. For maintain-
ing of p-n junction resistance at sufficient level it is nec-
essary to decrease p-n junction area and use low optical
powers for control. It is worth noting than photovaractor
bandwidth is determined by capacitance-resistance time
constant. Therefore, in comparing with high-speed p-i-n
photodiodes limited additionally by transit time, the
thickness of the photovaractor absorption layer can be
made rather large even for the high frequencies operation.

Fig.6 shows simulated p-n junction capacitance and re-
sistance in the frequency range 1-60GHz under zero bias
voltage and different illuminated powers for the 10um-
diameter photovaractor with structure mentioned above.
It is seen that at the frequencies 10+60 GHz and optical
control powers up to 0.2mW the p-n junction capacitance
is almost not depended on frequency, resistance is well
above of 50 Q, and the capacitance ratio is about 2.
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Fig.6. Simulated photovaractor p-n junction capacitance (a)
and resistance (b) versus frequency for different illuminated
powers at the wavelength 1.55um and zero bias voltage.

IV.P-I-N PHOTODIODE FOR OPTOELECTRONIC MIXING

Optoelectronic mixing of optical signals in the p-i-n
photodiode offers new perspectives for subcarrier multi-
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plexed and radio-on-fiber systems. In this technique, the
photodiode acts simultaneously as a optical detector and
microwave mixer and there is no need to use a micro-
wave local oscillator at the receiver part [1]. The most
important parameter of the p-i-n photodiode in this case is
the conversion efficiency, which is determined as the
ratio of the microwave power measured at the converted
frequency and the microwave power measured at the fre-
quency related to the smallest optical signal in the linear
mode of the same p-i-n photodiode.

Optoelectronic mixing of two intensity-modulated op-
tical signals has been studied using three p-side illumi-
nated p-i-n photodiodes placed in the pigtailed fiber opti-
cal module. Photodiodes had the same epitaxial structure,
which consisted of 2um-thick, 1.2:10"°cm™ undoped n-
Ing9Gay 1Asg23Po77 top layer, 3um-thick, 1.2-10% em™
undoped n-Ings3Gag47As absorption layer, 0.5um-thick
undoped n-InP buffer layer, and 400 pm-thick 3-10'® cm™
doped n'-InP substrate. The p'-region was formed by
local diffusion of Zn into the wide bandgap n-InGaAsP
top layer. The first p-i-n photodiode (PD1) had diameter
40 um and p-n junction depth 2.2pm, the second (PD2)
and the third photodiode (PD3) had diameter 30 um and
p-n junction depth 1.9um and 1.8um, respectively [11].

Fig.7 shows relative responsivity of the p-i-n photodi-
odes studied versus voltage for the frequency 0.2 GHz. It
is seen that the photodiode response exhibits the highest
nonlinearity near zero bias voltage. A decrease in the
reverse bias voltage results in the decreasing of depletion
region electric field, and part of the generated photocarri-
ers recombine in the neutral region and do not contribute
to the photocurrent. This results in the lowering of the
photodiode response at the small bias voltages.
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Fig.7. Relative responsivity of the p-i-n photodiodes
versus voltage for the frequency 0.2 GHz.

The voltage dependence of the photodiode response is
the dominant mechanism of the optoelectronic mixing in
the p-i-n photodiode, which proceeds in the following
way. The photodiode detects optical signal and generates
a photocurrent. Due to the nonzero load resistance the
detected signal produces oscillations of the voltage at the
photodiode which result in oscillations of the photodiode
responsivity. So the second optical signal is detected by
the p-i-n photodiode with modulated responsivity, and,
therefore, mixing products with sum and difference fre-
quencies are generated.

Nonlinearity of the photodiode response is convenient
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to evaluate by the use of the nonlinearity parameter which
is equal to the product of relative responsivity and its
partial derivative with voltage. Fig.8 shows the nonlinear-
ity parameter for studied p-i-n photodiodes. It is seen that
the higher nonlinearity parameter is near zero bias volt-
ages, the lower is this parameter in the region of the high
reverse bias voltages.

0.6

o
o)

N
N

e
[9)

e
to

e
=

Nonlinearity parameter (arb. un.)

-2 -1.5 -1 -0.5 0 0.5
Photodiode voltage (V)

Fig.8. Nonlinearity parameter of the p-i-n photodiodes

versus voltage for the frequency 0.2 GHz.

Fig.9 shows conversion efficiency for the p-i-n photo-
diodes investigated versus voltage in the case of the first
optical signal at the wavelength 1.3 pm with modulation
frequency 2.0GHz and the second one at the wavelength
1.51 pm and modulation frequency 0.2 GHz. It is seen
that the higher conversion efficiency corresponds to the
higher nonlinearity parameter of the p-i-n photodiode.
Thus the nonlinearity parameter can be used as quality
factor of the p-i-n photodiode when it is used as optoelec-
tronic mixer.
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Fig.9. Conversion efficiency of the p-i-n photodiodes versus
voltage in the case of the first optical signal at the wavelength
1.3 um with modulation frequency 2.0GHz and the second one
at the wavelength 1.51 um and modulation frequency 0.2 GHz.
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V. CONCLUSIONS

In this paper the design peculiarities of surface-
illuminated InGaAs p-i-n photodiodes for different mi-
crowave applications have been considered. For photonic
microwave generation application the main requirement
to p-i-n photodiodes is the high saturation photocurrent. It
is shown that the valance band discontinuity at the hetero-

interface p'-InP/n-InGaAs strongly influences on this
parameter. To overcome this problem the high p'-region
doping density, p’-InGaAsP top layer with narrower
bandgap than InP or thin graded bandgap n-InGaAsP
layer between p-type top layer and absorption n-layer can
be used. For optical control application the main require-
ments to p-i-n photodiodes are high capacitance ratio and
low control optical power. It is shown that in the case of
proper photovaractor design it is possible to obtain ca-
pacitance ratio more than 2 at the high frequencies
10+60GHz under zero bias voltage and control optical
powers lower than ImW. For optoelectronic mixing ap-
plication the most important parameter of the p-i-n pho-
todiode is the conversion efficiency. It is shown that the
photodiode nonlinearity parameter, which is equal to the
product of relative responsivity and its partial derivative
with voltage, determines the conversion efficiency and
can be used as quality factor of the p-i-n photodiode,
when it is used as optoelectronic mixer.
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