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Theoretical Study of p-i-n Photodetectors’
Power Limitations from 2.5 to 60 GHz

Joseph Harari, Guanghai Jin, Jean P. Vilcot, and Didier Decoster

Abstract—In this paper, we present a theoretical study and a Parasitic
numerical simulation of various long wavelength top-illuminated Elements
p-i-n photodetectors in the frequency range of 2.5-60 GHz under R, I,

high optical modulated power at 1.55pm wavelength. The mod-
eling includes a monodimensional Drift—Diffusion model for the o 030

device and takes into account the external circuit. We considered I i C ; T . T
six InP/GalnAs/InP photodetectors especially designed to work ’ h &

at 2.5, 10, 20, 30, 40, and 60 GHz, respectively. For the one with v
the highest frequency, we intentionally sacrificed the quantum Ry —_—g
efficiency in order to compare them at the end with the results
already obtained in the case of waveguide p-i-n photodetectors. Drift-Diffusion
The results show the maximum microwave-output power for each -’V\/" Model vy
photodetector at its specific working frequency. Additionally, we ( Photodiode )
present the effects of the modulation depth, the back illumination,

and the wavelength 1.3um. L,
Bias | U0
J

Index Terms—Numerical analysis, optical interconnections,
photodectors, p-i-n photodiodes, power transmission.
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I. INTRODUCTION Fig. 1. Whole circuit introduced in the numerical simulation.

OR high microwave-power distribution, optical links can ] ) o
be an interesting solution because of the physical insuldy two different effects: the carrier transit time in the depleted

tion, small size, and weak attenuation of optical fibers in tH€gion of the photodetector and the influence of photodiode
long wavelength domain. Over the last few years, numero&dpPacitance in the external circuit. For cutoff frequencies lower
research have been carried out in this field. The improvemeHign 25 GHz, the transit time limitation makes the use of a
of the link particularly concerned cutoff frequency and maxaufficiently thick (1.5xm) GalnAs absorbing layer possible,
imum optical power delivered by photodetectors [1]-[4]. Th&hich results in high quantum efficiency. However, for higher
behavior of p-i-n photodetectors under high optical modulat&gitoff frequencies, the transit time limitation necessitates the
power has been studied theoretically as well as experimentalfgcrease of the undoped layer thickness, which reduces the
[5]-[12]. The research we have already presented dealt witHantum efficiency. Moreover, if the undoped layer thickness
a top-illuminated p-i-n photodiode at 20 GHz [13], and alsts thinner, the photodetector surface has to be reduced in order
with a waveguide p-i-n photodetector at 60 GHz [14]. In prd® decrease the device capacitance. These rules drove us to suc-
vious papers, we precisely identified the different parameté@ssively choose six device structures (GalnAsthickness,

which influence the behavior of the photodetector under higitotodiode surface) in order to get a microwave-output signal
optical power. Among these parameters, the spot size is vé#y2-5, 10, 20, 30, 40, and 60 GHz. For the highest frequencies,

important, as is the photodiode illuminated volume. All ofv€ intentionally decrease the GalnAs thickness and thus,
theses results motivated us to continue our study with tHee photodiode quantum efficiency. All characteristics of the
same modeling tool, taking into consideration various togimulated photodiodes are presented in Table I.

illuminated p-i-n photodiodes in the frequency range of 2.5-60 In our study, the modeling tool already used in our previous
GHz. literature [13], [14], is composed of a complete monodimen-

sional Drift—Diffusion model with the equations introducing
Il. SIMULATED P-I-N PHOTODIODES AND MODELS the external circuit which is composed of the resista ) of

The simulated photodetectors are classical mP/n— the dc generator, the compone(¢s;, L,) of the bias tee, the
GalnAs/nt- InP heterostructures whose doping levels af@icrowave load R, ), and the parasitic element&o, Co, Lo),
1018 /1015 /10'% cm3, respectively. The $/n— junction is 2 represented in Fig. 1.
located at the InP/GalnAs heterointerface. As is well known,
the small signal-cutoff frequency of such a device is governed [ll. RESULTS AND ANALYSIS
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TABLE |
SIMULATED PHOTODIODE STRUCTURES WITH THEIR SMALL -SIGNAL CHARACTERISTICS AT 1.55¢4M WAVELENGTH AND THE ELEMENTS OF
THE EXTERNAL CIRCUIT ESPECIALLY CHOSEN TO STUDY THE PHOTODETECTORBEHAVIOR AT THE MODULATION FREQUENCY

Photodiode 1 2 3 4 5 6
%‘r::i"‘n‘g“( Git) 25 10 20 30 40 60
GalnAs Thickness (um) 2.5 2.5 1.5 0.8 0.6 04
Simulated Thickness (um) 3 3 2 1.3 1.1 0.9
Diameter (um) 140 60 22 20 15 10
Cut-off frequency (GHz) 43 11.6 216 34 46.7 673
Quantum efficiency 0.82 0.82 0.64 0.42 0.33 0.24
Bias voltage (V) 9 9 5 22 14 0.6
Cy (nF) 0.8 0.2 0.1 0.066 0.05 0.033
L, (uH) 20 5 2.5 1.67 1.25 0.83
Ro () : 5 - - 5 -
Cy (F) - 10 - - 10 -
Lo (nH) - 0.5 - - 0.01 -

power are the carrier effect in the photodetector and the 3so
modification of the instantaneous photodiode bias voltage due »
to high photocurrent in the external circuit. 300 -

For a high input optical signal, the carrier densities increaseg
in the photodetector depleted zone and become higher thag ]
the InGaAs-layer doping level. This specific carrier distri-i— 200 |-
bution leads to a sharp decrease of the electric field neag
the n-/n+ heterointerface. This phenomenon is cumulativez
since it reduces the carrier velocity and thus, increase th§ 100 |
carrier densities. This is shown in Fig. 2, which depicts theiu .
electric field in structure two at 10 GHz under 500-mW optical 50 |

250 [

150

modulated power (modulation depth equal to 1). In these i T t
conditions, structure two, which has a large surface, forces °o 15 2 25 3
the appearance of the carrier effect and the external circuit. Depth (um)

Curve b of Fig. 2 is the electric field when the instantaneous o _

hotocurrent is minimum. The photodetector is not fast enOuF . 2. Electric field in structure 2 at 10 GHz for an optical power of 500
pho ) ) . : p : with a modulation depth equal to d.under small-signab at a minimum
to maintain an electrical modulation depth equal to 1, and thus photocurrent: at a maximum photocurrent. (logarithmic Y scale in inset).

the photocurrent is not equal to zero. The external circuit

then leads to the increase of the photodiode bias VOIta%?‘fective photodiode capacitance increases. Obviously, this

As a consequence, the electric field becomes very high near .
the pHin— heterointerface. Half a period (50 ps) later, th %enomenon depends on the photodiode structure, the external

photocurrent is maximum, which decreases the bias volta&er,cmt’ and the optical power distribution in the photodetector.
and the carrier distribution changes, as does the electric field -~ ) o

(curve ¢). The hole and electron densities are very high arit Parasitic Effects Due to Very High Electric Field

almost the same near the-m+ interface. In this region, since It is well known that a band-to-band tunneling effect occurs
the electric field is never equal to zero (see the inset of Fig. 2), the n— GalnAs at high electric fields [17], [18]. The
the carriers have some built-in velocity. These characteristiegact critical field value, which particularly depends on the
allow us to consider that this region behaves like a dopedaterial growth conditions, is difficult to calculate. However,
neutral region. Moreover, the zone of the high electric-fieldhe studies that have already been done in order to optimize
region near the junction is approximately Q.8 thick, and avalanche photodiode structures [18], [19] demonstrate that
this thickness changes slightly with the instantaneous outpu¢ can start from a critical value around 250 kV/cm. In our
photocurrent. For all these reasons, we can consider that tase, such an electric field is reached and even exceeded at the
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Fig. 3. Microwave response of structure 2 at 10 GHz under top and bottqffy 4. Microwave response of structure 2 at 10 GHz and influence of the

illumination. The modulation depth is 100%.is fundamental, whilé andc arasitic elements. The modulation depth is 10@%s fundamental, while
are harmonics of order two and three. The straight line represents a consgag hd ¢ are harmonics of order two and three. Insert: Similar response of
responsivity. Insert: Similar response of structure 5 at 40 GHz. structure 5 at 40 GHz.

p-+/n— heterojunction when the optical power increases. Fgfonounced for structure 2 than for structure 5 demonstrates
some optical powers, it is reached periodically only for certatfhe importance of the absorbing-layer thickness. In the case
times when the photocurrent is high and the depolarizationdstop illumination, the generation rate is the highest near the
not too high. But for higher optical powers, the electric-fielgi-/n— heterointerface; thus, among the carriers which take
average value at the heterojunction exceeds 250 kV/cm [1ghrt in the electrical signal, the majority of hole—electron pairs
The only thing we know in such a condition is that a parasitigre generated near the-dayer and the average hole transit
tunneling current occurs and can cause the device breakdowaeh is small, while those of electrons are long. Because of the
Thus, we consider that this situation is not satisfying fafigher electron velocity compared to the first hole, the device
the device reliability and must be avoided. For all presentgsl faster than it is for back illumination. In this last case,
results, the heterojunction electric field is not too high whee situation is opposite and the hole transit path becomes
the output power saturation occurs, but increases dangerouglyy long. For thin structures, the difference between these
with more increasing optical power, and as consequenggo illumination schemes is smaller, and one can expect less
the saturation effectively gives the limit of the photodetect@jifference in output power, which can be seen by comparing
behavior. Fig. 3 and its inset.

C. Influence of the Wavelength and Bottom lllumination ~ D. Influence of the Parasitic Elements

For thin photodiodes (i.e., structure 5), as well as for thick Fig. 4 demonstrates that the influence of the parasitic ele-
photodiodes (i.e., structure 1), our calculations demonstrat@@nts on the behavior under a high optical signal is weak at 10
little difference between the microwave responses at 1.55 datiiz as well as at 40 GHz. These elements behave as a second-
1.3 um. For small optical power, the fundamental level is @rder filter for the microwave-output signal, and their effect
little bit higher at 1.55;m than at 1.3um due to slightly is, in principle, independent of the microwave-output power.
higher responsivity at the higher wavelength. Even for Ve,l;}owever, in the simulated circuit, the modification of the
high optical powers, the difference between the fundament@igotodiode bias voltage is due to the modulated paif and
at 1.3 and 1.55:m does not exceed 1 dB (those at Lt to the dc partiyi». In saturation conditions, the dc part of the
are higher). For the harmonic levels, this difference does rigtotocurrent is very high, so its influence directly depends on
exceed 4 dB, and generally, a similar evolution versus averdfieé dc generator’s internal resistance. In these conditions, the
optical power does occur. In all photodiodes studied so fdthotodiode depolarization is increased by the specific contact
the behavior at 1.3- and 1.5%n wavelength is nearly same.resistance from the valu®oiq # Ro(i1+i2) if we assume
As a consequence, we think that all results presented in that the effect ois is weak. Thus, the contact resistankg
following sections at 1.5%:m wavelength can be used toleads to a decrease of the maximum microwave-output power
estimate the distortion and saturation effects at/in8 of a few decibels. Furthermore, because the photocurrent

We then simulated bottom illumination for structures 2 angassing through the photodiode is very high, each parasitic
5 at 10 and 40 GHz, respectively. The microwave respond@sistance will particularly introduce power dissipation and
obtained for top (g side) and bottom (& side) illuminations Possibly thermal physico—chemical instabilities in the device.
are presented in Fig. 3 and its inset, respectively. In both . o
cases, the bottom illumination leads to a decrease of the Ul Results Concerning the Six Simulated
output microwave power for the high optical-input signaf’hotodiodes from 2.5 to 60 GHz
and also to a decrease of the harmonic levels compared tdn order to illustrate the precise importance of the illumi-
the fundamental one. The fact that this phenomenon is marated photodiode absorbing volume, we first considered the
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TABLE I
RESPONSIVITY OF THESIX SIMULATED PHOTODIODES UNDER SATURATION CONDITION. Popt IS THE OPTICAL POWER AT
SATURATION, Ry IS THE RESPONSIVITY IN SMALL -SIGNAL CONDITION (IN A/W), R, |Is THE ONE UNDER VERY HIGH
OpTICAL INPUT POWER, AND H1/H3 Is THE RATIO OF FUNDAMENTAL COMPARED TO ORDER 3 HARMONIC AT SATURATION

Photodiode 1 2 3 4 5 6
Frequency (GHz) 2.5 10 20 30 40 60
P, (mW) 800 500 250 160 130 100
R./R, 0.32 0.29 0.26 0.23 0.21 0.18
H1/H3 (dB) 16.4 282 341 35.7 36.6 36.8

40 40

Maximum Microwave Power (dBm)

Maximum Microwave Power (dBrm)
=
T

10 100 1000 10000 100000 B Waveguide PIN photodiode (0.4um)
Photodiode illuminated volume (um3) 20 . N e
1 10 100
Fig. 5. Maximum microwave-output power versus photodiode illuminated F GH
volume for different modulation deptin. « denotesm = 1, b denotes requency (GHz)

m = 0.5, and¢ denotesm = 0.2. This curve has been obtained for the

six photodiodes of Table I. Fig. 6. Maximum microwave-output power versus modulation frequency for

different modulation depthnr. « denotesrn = 1, b denotesm = 0.5, and
c denotesm = 0.2. This curve has been obtained for the six photodiodes

maximum microwave-output power of the six photodioded Table |-

versus their illuminated volume (Fig. 5) and we simulated the

case of three different modulation depths:= 1, m = 0.5, Furthermore, all curves presented show that the saturation
and m = 0.2. For a given modulation depth, the maxifoint is close to the 1-dB compression point (difference of
mum output power is directly proportional to the photodiodé dB). As a consequence, Figs. 5 and 6 are valuable to
illuminated volume. Exception to this law exists only foknow, from a general point of view, the limitations in these
big volumes where the photocurrent is sufficiently high igonditions.

the external circuit to cause a sharp decrease of the phoJ0 compare with the performances of waveguide p-i-n
todetector bias voltage, which enhances the carrier effehotodetectors, we set the point representing the performance
Moreover, the greater the modulation depth, the more tRé the 0.4um-thick side-illuminated multimode photodiode
maximum microwave-output power is because the saturatidfydied in [14], as shown in Fig. 6. For this photodetector,
effect is mainly dependent on the carrier density in the depleté® spot width is 4:m and the device length is 12m. The
zone of the photodiode; thus, for a higher dc part of tH&aveguide photodiode performance is some decibels higher
photocurrent, a stronger limitation effect takes place. F#tan structure 6 at 60 GHz due to completely different light
these results, we only considered the saturation of the outglifitribution in the absorbing layer and also to the better
modulated photocurrent, where the heterojunction electric figlsponsivity of the side-illuminated photodetector compared
is not critical. Fig. 5 can be completed by Fig. 6, showintp those of structure 6.

the maximum microwave-output power versus modulation

frequency. As already explained in the Section I, this last IV.- CONCLUSION

curve considered that for a given frequency the photodiodeWe presented the modeling of microwave p-i-n photode-
volume is as big as possible. In these conditions, there igeztors under high optical power based on a monodimensional
tradeoff between frequency and power, as already describBdift—Diffusion model and taking into account the external cir-
for example, in the case of transistors. The significant phowit. The simulated photodiodes are classical top-illuminated
todetector characteristics have been resumed as shownni®/GalnAs/InP heterostructures with a cutoff frequency be-
Table Il, for each photodiode with the average optical powéween 2.5 and 60 GHz. Our results demonstrated the weak
where saturation occurs, the value of responsivity at saturatiofiuence of the wavelength on the behavior under a high mod-
compared to the small signal responsivity, and the thitdated signal, and the great influence of bottom illumination
harmonic level compared to the fundamental one at saturatiomainly in the case of a photodiode with a thick absorbing layer
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(2.5 um). The influence of parasitic elements has been studigd] H. Ando, H. Kanbe, M. Ito, and T. Kaneda, “Tunneling current in
at 10 and 40 GHz, and shows the importance of the parasitic InGaAs and optimum design for InGaAs/InP avalanche photodiodes,”
. . . Jpn. J. Appl. Phys.vol. 19, no. 6, pp. 277-280, 1980.
resistance due to the photodiode ohmic contact and the extefg| ;" Harari, D. Decoster, J. P. Vilcot, B. Kramer, C. Oguey, P. Salzac,
connection system. We then presented the combined evolution and G. Ripoche, “Numerical simulation of avalanche photodiodes with
of maximum microwave-output power and photodiode illu- ~ guard ring,"Proc. Inst. Elect. Eng.vol. 138, pt. J, pp. 211-217, June
minated volume, and as a consequence, the linear decrease
of the maximum output power with increased modulation
frequency. A comparison with the results already obtained
for p-i-n waveguide photodiodes at 60 GHz has then been
carried out and the different characteristics of all photodiod
simulated under saturation conditions have been preseni
The microwave power which can be obtained from such phot
diodes is some tens of decibels, but the nonlinearities in the
conditions are important. Because the illumination conditiot
are of great importance, it would be interesting to make
study under a high optical signal of evanescent coupling-wa : : lire
photodetectors or to consider traveling-wave photodetectorrcﬁe simulation and concdee[:)tli;;&ebeolijltDcllél)écTrlgniccug:\?itzjsc tfI:)/Ir“;sillifr(T)1Cel:Zr-(\)/\r/]ave

applications, integrated optics devices, and optical interconnection.
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