IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 8, AUGUST 1997 1337

Diluted- and Distributed-Absorption Microwave
Waveguide Photodiodes for High
Efficiency and High Power
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Abstract—We propose a new microwave photodetector with
high responsivity, which can handle both high optical power 1
and deliver high microwave-output power. The distributed- 0.9
absorption waveguide photodiode (DWGPD) is specially designed 08
to equally distribute the photocarriers over the maximum surface

— —Large core active layer WGPD

~=Diluted Absorption WGPD

area available in order to reduce the nonlinearities of electrical L7 ——Distributed Absorption WGPD
response due to electric-field screening effects. The expected g 06

calculated performances of this DWGPD is compared to £ 05

other types of broad-band photodetectors in terms of linear F o4

microwave-output power, quantum efficiency, and thermal 5, 0.3 M POfe ’

behavior. The fabricated DWGPD’s have a responsivity of 1 c -

A/W, cutoff frequency of 29 GHz, and linear response up to 8 0.2 {

mA limited in this experiment by contacting electrodes. 0.1 Vol

0 20 40 60 80 100
Propagation axis (um)

Index Terms—Microwave photodiodes, nonlinearity, optical RF
link, traveling-wavc photodetectors, waveguide photodiodes.

Fig. 1. Optical-power profiles in different p-i-n photodiodes.
[. INTRODUCTION

IGH-PERFORMANCE fiber-optics RF links need 10,40 \ith gistributed absorption which is based on a diluted
meet different specifications together:

single-mode waveguide for which the photocarrier's charge

1) operate at high frequen_cy; density is maintained constant along the whole propagation
2) have low input/ouput microwave loss; length of the diode (instead of being exponential as in usual
3) have large spurious-free dynamic range. waveguide photodiodes) by controlling and tailoring the modal

It has been shown that in externally modulated RF fiber-optiggsorption coefficientI'(z) along the axis of propagation
links, the link gain and spurious-free dynamic range can Hais design applies to lumped waveguide photodiodes as well
enhanced and the noise figure reduced by increasing the @¥/traveling-wave photodiodes, and in both cases distributes
laser input power [1]. However, at the receiver side of the linkhe photocarriers equally over the maximum-junction surface
it is the efficiency and saturation power of the detector whiciyea available. A drift-diffusion model is used to optimize
conditions these improvements [2]. the electrical behavior of the diluted structures and compare
The response of conventional surface-illuminated photgistributed-absorption waveguide photodiode (DWGPD) to
diodes is limited by a fixed bandwidth efficiency producgifferent types of other p-i-n photodetectors. It is shown in
due to carrier transit time. This bandwidth efficiency produgiarticular, that for the same active volume it is possible to
has been improved by using waveguide detectors [3], agéin about two orders of magnitude in maximum-output RF
traveling-wave detectors [4]. However, in these structures, thewer by using a DWGPD structure instead of a conventional
typical absorption length is about 10m, leading to very large-core absorbing layer WGPD.
small effective absorbing surfaces with high photogenerated-
carrier densities. The photogenerated carriers induce electric- || PRINCIPLE OF OPERATION—DESIGN ISSUES
field screening effects, which are the origin of the nonlinear ) )
behavior of the microwave photocurrent at high optical-input Fig- 1 shows a simple representation of the decrease of
powers and generation of harmonic distortions. In order fB€ optical power along the waveguide propagation axis for
have high bandwidth, high efficiency, and high power c& large-core actlve—llay'er WGPD [3],. a diluted active-layer
pabilities, diluted traveling-wave detectors [5] can be use/GPD [5], and a distributed-absorption WGPD. The whole

Here, we propose and analyze a new waveguide photoi(qit_rinsic layer of the large-core active-layer WGPD is an

absorbing layer with a thickness limited by transit time.
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continuities, the device depolarization due to current flow in
the load circuit, and the doping level of the intrinsic layer [7].
In order to evaluate the maximum undistorted output power
delivered by the PD in the dynamic regime, the calculation was
restricted to the linear regime, which here is the optical-power
range for which the internal electric field is always below 250
kV/cm (limit of breakdown voltage) and above 50 kV/cm.
For this electric-field domain, provided that the depleted
region thickness is smaller thah/2V,,; and for device
dimensions with ndR—C limitations, the dynamic and static
responsivity of the PD are the same. In this regime, electrons
and holes reach their saturation velocity in ,8a_,As:
Vy, =V, = Via = 6.10° cm - s71. For electric fields under 50
kV/cm, the carriers velocity is not constant anymore, therefore,
dynamic nonlinearities occur. The reverse bias and input
carrier density. In diluted WGPD's, the confinement factor prtical power are varied in order to calculate the maximum
the absorbing layer is reduced by embedding the absorbifbar-RF output power. The maximum linear-RF output power
layer in a transparent intrinsic layer. The desired effectivghtained for the same diodes by this model was compared
photodiode (PD) absorption length is obtained by adjusting te the one obtained using dynamic-simulation approaches
thickness of the active layer to obtain the desired confineme[g] and to experimental data on surface-illuminated PD’s,
factor I'. The whole intrinsic layer’s thickness is limited bygng were found to be in reasonable agreement. Table | is a
the photocarrier’s transit time and is calculated to obtain tr&%mpanson of the maximum average photocurrent delivered
wanted cutoff frequency. This permits the reduction of ti‘@y five different types of structures having all the same
junction capacitance and device depolarization. The lineariftive volume, inserted in a different type of intrinsic layers.
of the PD can be further increased in distributed-absorpti@fi,cturesqs and ¢ have an intrinsic layer which is totally
WGPD’s by uniformly distributing photocarriers along thegpsorbing. Their maximum deliverable linear current is 11 mA
WGPD propagation axis and replacing the exponential opticglng is limited by space-charge effects. As shown in Table I,
absorption decay by a linear decay (Fig. 1). For this, thfuted waveguides allow for an increase of the maximum
effective absorption coefficient in the active lay@l'(z)) current to 36 mA, while the dilution and equal distribution of
must progressively increase along the propagation axis. Ayriers along the propagation length allows for a maximum
simple way to do it is represented in Fig. 2 and consists gfirrent of 90 mA. The influence of bandgap discontinuities
increasing the width of the WGPD along the propagatiofhetween the absorbing and transparent layers of the intrinsic
axis. When the waveguide width is small compared to 'E%ne) on space-charge buildup can be evaluated by comparing
thickness, the mode is pinched. It is weakly confined ihe results for structures and d. From Table I, it can be
the ridge and is mainly located in the slab waveguide. Agncluded that while using the same active volume, it is
the ridge gets broader, thel lateral .confinement.increases %B@sible to change the maximum-output power by more than
the optical mode goes up in the ridge anfl(z) increases. tyo orders of magnitude by using the maximum absorbing
The optical mode is calculated by using the Galerkin twQyrface and depleted thickness. The position of the absorbing
dimensional (2-D) spectral-index method [6]. The calculatqgyer in the depleted is also optimized. The maximum average
mode distribution in the beginning and end of the DWGPD a{&qtocurrent of a diluted structure of 1,8A intrinsic zone
shown in Fig. 3. The structure is monomode and the modghy 5 0.06#m active layer decreases from 88 mA for the
absorption coefficient'(z) can vary by a factor of 10 by gpsorbing layer placed at thet interface to 29 mA in the
changing the ridge width from 2 to 4m. The calculated c45e of the active layer placed close to fi@ interface.
coupling efficiency with a lensed fiber for this structure is Tpe proposed lumped DWGPD and traveling-wave
80% for the DWGPD structure and 90% for the samgm- p\wpp's structures are compared with conventional surface-
wide untapered structure. The depleted region is constitut@fdminated PD’s and large-core active-layer WGPD's. The
of a thin active layer sandwiched between two transpargtio of the maximum microwave power to the required
Ga,In;—,As,P;_, undoped layers lattice matched to InP. Thig,cident optical PowetF (F = Pitou/Poptin) IS considered
intrinsic zone is located in a waveguiding p-i-n structure, itselfs ihe figure-of-merit of the performances of the photodiodes,
embedded in a thicker undoped asymmetric waveguide. Fig;24 is reported in Fig. 4 versus cutoff frequency. For each
represents the coplana_r electrodes configuration adopted fgfq¢ frequency, the depleted-region thickness is set at its
both lumped and traveling-wave structures. maximum, which is limited by transit time, and then the
largest surface junction defined By-Ctime limitation is used.
The best figure-of-merit for each cutoff frequency is obtained
by calculating the minimum and maximum of the total electric
The behavior of the different PD’s under illumination idfield in the depleted region for each optical pow@y. The
calculated by using a static drift-diffusion model which takesiaximum optical power for whicb0 kV/cm < Ei; min and
into account the space-charge effects, the heterointerface ditgs; 0 < 250 kV/cm is used to calculate the factor-of-merit

Fig. 2. Perspective view of DWGPD with coplanar electrodes.

I1l. OPTIMIZATION OF MAXIMUM -OUTPUT POWER OF
DILUTED AND DISTRIBUTED WAVEGUIDE DETECTORS
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Fig. 3. Cross sections of the input and output ends of the DWGPD, together with the field profiles of the fundamental TE mode calculated using a
Galerkin 2-D spectral method.

TABLE |
COMPARISON OF THEMAXIMUM CURRENT DELIVERED BY FIVE DIFFERENT TYPES OF WGPD’s HavING
ALL THE SaMe AcTIVE VOLUME (120 #m?), INSERTED IN DIFFERENT TYPES OFINTRINSIC LAYERS

Structure €ZI | eActive| SActive} Imax [ Vmax

@m)| @m) | @m?) | @l V)

(a) Large core 1,5 1,5 80 11 | -15,5

(b) Diluted AEv =81 AEc = 54 mev 1,5 0,06 | 2000 36 | -16,5

(c) Diluted+ Distributed AEv=81AEc=54mev | 15 0,06 | 2000 90 | -16,5
(d) Diluted+ Distributed AEv = AEc =0 mev 1,5 0,06 § 2000 144 | -20
(e) Thin core 0,06 | 0,06 | 2000 11 | -0,2

3

F. For traveling-wave DWGPD'’s, we have taken a junctiodifference in factor-of-merit values. In surface-illuminated
surface five times larger that the corresponditgC limited PD’s the internal quantum efficiency drops when frequency
maximum surface (to avoid space-charge effects). The aimin€reases, and it is then necessary to inject higher optical
this comparison is not to accurately calculate the maximup®wer to obtain the same output electrical power. At very
linear-output power as a function of cutoff frequency, but tbigh frequencies, large-core active-layer WGPD’s tend to the
analyze the electrical behavior of each type of PD as a functis@me limit maximum-output electrical power than lumped
of cutoff frequency. For all structures, we have assumed 1009¥VGPD because the thinner active layer dilutes photocarriers
coupling efficiency andx = 0,7 um~1. As a general trend, OvVer a larger absorption surface which reduces space-charge
for all types of p-i-n photodiodes, there is an asymptoti%ffeCtS- Finally, it can be noticed that by using DWGPD'’s for
limitation of the output electrical power at high frequenciefeauencies between 10 and 40 GHz, one can gain two orders
due to external depolarization. When the frequency riséd, magnitude on maximum-output power and factor-of-merit
the active layer gets thinner (limited by time transit) and &°mpared to large core WGPD's. In all cases, the traveling-
a consequence, the maximum-allowed bias voltage limitdfve DWGPD has, by far, the best figure-of-merit. Typical
by avalanche breakdown conditions decreases. The effect-giculated maximum-output currents are of the order of 150

device depolarization due to current flow in the load circulf® for —15-V bias voltages. With such high bias voltages

) . o e and currents, the electrical power dissipated in the device is

is then increased. This is a material intrinsic limitation—the ) .

use of a higher energy gap material would allow for highea few watts. It will, therefore, be the thermal behavior of the
cf{evice that will limit the high-power performances [9]. The

electric-field br_eakdown values and hlghe_r mwlmum—outp%ermal impedance of the different structures is calculated
powers. The difference between the maximum-output power

for traveling-wave and lumped DWGPD is due to space-
charge effects. The surface-illuminated PD’s and lumped
DWGPD have the same maximum-output power, since IV. FABRICATION AND FIRST EXPERIMENTAL RESULTS

they have the same absorbing surfa¢e-C limited) and The epitaxial layers of the structure are designed to realize in
same depleted-region thickness. However, the differeng® same run lumped diluted WGPD’s and lumped distributed-
between these two structures is significant when consideriadpsorption DWGPD’s. The structure as represented in Fig. 3
internal quantum efficiency, and is well illustrated by thé& grown on a semi-insulating InP substrate by low-pressure

d compared in [7].
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Fig. 7. Measured fundamental harmonic H1 of a 308-long DWGPD as
a function of the average optical-input power, at 6, 10, and 20 GHz.

metal organic vapor deposition (LP-MOCVD). The ridge is

defined using reactive ion etching (RIE) and a chemical etcitis device is 29 GHz. Fig. 7 is the measured fundamental
ing process using the Pt/Cr/Au/Cr metallization for pontact harmonic H1 of a 30Q:m-long DWGPD as a function of
and a self-aligned technology. The coplandraontacts are re- the average optical-input power, at 6, 10, and 20 GHz for
alized with Au metallization. The electrode geometry adopted —5-V applied bias. This device hasR-C limited cutoff

for both lumped and traveling-wave structures is design@é@quency of about 20 GHz. It can be seen that it delivers
to have a 502 characteristic impedance and to be compalinear microwave photocurrent up to 8 mA at 20 GHz. The
ible with millimeter-wave monolithic microwave integrateddevices were damaged for average dissipated powers between
circuits (MMIC’s) and on chip microwave measurement50 and 70 mW. This is the reason why despite t25-V

(Fig. 2). Finally arrays of DWGPD'’s are cleaved and ARreakdown voltage, the linearity measurements at high currents
coated. The devices exhibit a dark current of approximatelycbuld not have been performed at higher voltages. It should
A and a breakdown voltage ef25 V. For this technological be noticed that for our intrinsic layer thickness of 1,66,

run the devices have a high anomalous serial resistange—5 V even the dark electric field is much lower than 50
which is attributed to the contacting of the top electrode t#§V/cm, therefore, the roll-off at 8 mA is normal. We observe
the coplanar lines. The devices exhibit a responsivity of that when the photodiodes are damaged under high current, it
A/W at a wavelength of 1.532m, which corresponds to ais the contacting zone from top electrodes to coplanar lines
coupling efficiency of 81%. Fig. 5 is the external quanturwhich is broken and this creates apencircuit unlike large-
efficiency as a function of fiber displacement. The tolerané@re WGPD's where a short circuit is observed when damaged.
is due to the roughly circular large mode of this singlelherefore, the DWGPD's are not destroyed and experimental
mode photodiode_ These experimenta| values agree well wigwer limitation is not due to an avalanche breakdown. When
those predicted by the Galerkin 2-D spectral-index methd@e contacting problem will be solved, the expected maximum
(Fig. 3). DWGPD’s of lengths above 20@m have a flat linear current from calculation for this structure should be
optical responsivity as a function of input wavelength in th@ound 90 mA (for a bias of16 V).

1480-1560-nm explored range. The frequency response of

a 120um-long diluted photodiode have been measured by V. CONCLUSION

using an optical heterodyning experiment at 1,58 and is A new broad-band microwave waveguide photodiode with
represented in Fig. 6. The measured electrical bandwidth fiistributed absorption is proposed. It has high coupling and
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quantum efficiencies and can handle both high optical an@d] K. S. Giboneyet al, “Travelling wave photodetectors with 172-GHz
electrical power. The calculated performances of this lumped bandwidth and 76-GHz bandwidth-efficiency produdEE Photon.

l , h Technol. Lett.vol. 7, pp. 412-414, Apr. 1995.
and trave Ing-wave DWGPD’s are (_:ompared to other t_ypes 9] V. M. Hietala, G. A. Vawter, T. M. Brennanand, and B. E. Hammons,
PD’s by using a steady-state drift-diffusion model restricted to  “Traveling-wave photodetectors for high-power, large-bandwidth appli-

the linear regime. From this comparison it can be concluded ‘"éa“O”S’;L)EEE Trans. Microwave Theory Techvol. 43, pp. 2291-2298,
ept. 1995.

that by using lumped DWGPD's for frequencies betweerg p. Marcuse, “Solution of the vector wave equation for general dielectric
10 and 40 GHz, one can gain on maximum-output power waveguides by the Galerkin MethodEEE J. Quantum Electropvol.
} ) L _ 28, pp. 459-465, Feb. 1992.

Compared to Iarge, Cor,e WGPD S,' and on the responsivity C,OHTT] S. Jasmin, A. Enard, J. Renaud, and N. Vodjdani, “High speed, high
pared to surface-illuminated PD’s. In all cases, the traveling- " power waveguide photodiode with distributed absorptionPhotonics
wave DWGPD has, by far, the best figure-of-merit and itsg} &ndDRadiofreqdugn%esC Denver, Cl\<l): Spie, I1996.I i |

T : . Dentan and B. D. Cremoux, “Numerical simulation of the nonlinear
power limitation at hlgh frequency dependg onIy Or? the[ response of a p-i-n photodiode under high illuminatioh, Lightwave
avalanche breakdown voltage of the material used in the Technol, vol. 8, pp. 1137-1144, Aug. 1990.
PD intrinsic layer. Experimental results show a high external®l n,PaSlaSki,PFr’]- tC-d,Cg‘er;, J-I S. Che”vpa”]fi N. Baf'C?hé'f'!__JhF_Ft’)OWg ;

T P . ICrowave otodiode for Improving Periormance o 1oer Optic

quantum efficiency of 1 A/W, flat responsivity as a function /i i "protonics and Radio FrequencieDenver, CO: SPIE, 1996.
on wavelength in the 80-nm range explored, cutoff frequency
of 29 GHz, and linear response up to 8 mA5 V) at 20 GHz.

The power limitation is due to technological problems in the

contacting electrodes and should be overcome. Serge Jasmin photograph and biography not available at the time of
publication.
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