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Optimization of GaAs Amplification Photodetectors
for 700% Quantum Efficiency

Joachim PiprekSenior Member, IEEHDaniel Lasaosa, Donato Pasquarighgsociate Member, IEEERNd
John E. BowersFellow, IEEE

Abstract—We investigate the device physics of novel GaAs
waveguide photodetectors with integrated photon multiplication.

Such detectors have the potential to achieve simultaneously high amplifier oxide
saturation power, high speed, high responsivity, and quantum \ nh-cladding /
efficiencies above 100%. Our device design vertically combines a %

bulk photodetector ridge waveguide region with laterally confined A

| | 2

quantum wells for amplification. Measurements on the first device
generation show quantum efficiencies of only 56%. Advanced
device simulation is employed to analyze these devices and to reveal
performance limitations. Excellent agreement between simulations
and measurements is obtained. Device design optimization is
proposed, promising more than 700% efficiency.

p-cladding

G demiinsulating substtate i

. . . . Fig. 1. Cross section of the TAP detector (D—detector contact; G—ground
Index _Terms—lntegrated photpnlcs, numerlc_al slmulap_on, Opto-  contact; A—amplifier contact). The detector width and the oxide aperture are
electronics, photodetector, semiconductor optical amplifier, wave- w7 = 3 ym.

guide, IlI-V semiconductor devices.

The schematic cross section of our three-terminal device is
shown in Fig. 1 and the layer structure is listed in Table I. The
N WAVEGUIDE photodetectors, photon flux and carrieGaAs ridge-waveguide detector diode is grown on top of a mul-
transport are perpendicular to each other, which enabliguantum well (MQW) amplifier diode. Fig. 2 pictures the facet
high-data-rate applications, since thin absorption layers all@f a fabricated device. The incoming optical wave stimulates
for short transit times of the generated carriers. The detecti¢ generation of additional photons within the amplification
efficiency is increased by using long waveguides. Idealllgyers. Some of these new photons are absorbed in the detection
every photon generates one electron-hole pair giving 100eyer, thus increasing the photocurrent. Higher pump current in
quantum efficiency. However, only a fraction of the opticalhe amplifier diode leads to higher photocurrent in the detector
signal is usually converted into an electrical signal. To obtaftiode. With sufficient amplifier gain, the number of the detected
stronger electrical output power, the optical input power maghotons can be larger than the number of incoming photons,
be enhanced by preamplification, but this method is limitegiving more than 100% quantum efficiency. Optical and elec-
by saturation effects. In order to overcome this problem, viical confinement to the center of the device is provided by the
have recently proposed a monolithic integration of detector afidge-waveguide structure as well as by lateral oxidation. The
amplifier, called traveling-wave amplification photodetectopxide aperture is the same as the ridge widttof= 3 pm.
(TAP detector), which simultaneously amplifies and absorfde device length id, = 300 m, unless noted otherwise.
the incoming light, promising quantum efficiencies well In the following, we analyze the steady-state device physics
above 100%. [1] We have previously evaluated the microwagéthis TAP detector using advanced numerical simulation. The
characteristics, the signal modulation bandwidth, and the nokgmmercial software packages APSYS [3] and BeamPROP [4]
figure of TAP detectors. [2] In this paper, we analyze thare partially employed. We consider low light power here so that
detection efficiency for our most recent GaAs TAP detectdhe material properties of our waveguide are uniform in longi-
fabricated, which features the vertical coupling of amplifier arf@idinal z direction. Measurements are used to validate the accu-
detector region as well as oxide confinement layers (Fig. Ipcy of the simulation.
The quantum efficiency measured with this device is still below
100%. Using advanced device simulation, we here reveal the
limiting physical mechanisms and we propose an optimized Il. CURRENT FLOW
device design for high quantum efficiency.

. INTRODUCTION

The two-dimensional (2-D) flow of electrons and holes is
simulated based on the common semiconductor transport equa-
Manuscript received December 16, 2002; revised May 16, 2003. tion [5]. The drift-diffusion model includes Fermi statistics of
The authors are with the Electrical and Computer Engineering Departmegirriers and thermionic emission at hetero-interfaces. Doping
University of California, Santa Barbara, CA 93106-9560 USA (e—mail(:j . d . biliti f devi listed in Table |
piprek@ece.ucsb.edu). ensities and carrier mobilities of our device are listed in Table

Digital Object Identifier 10.1109/JSTQE.2003.820405 [3], [6].
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TABLE |
EPITAXIAL LAYER STRUCTURE OF THETAP DETECTOR (I—LAYER THICKNESS N4o,—DOPING, t—MAJORITY CARRIER MOBILITY;
k—THERMAL CONDUCTIVITY (OXIDE: 0.1 W/cmK), n,.—REFRACTIVE INDEX (OXIDE: 1.7), AT ROOM TEMPERATURE).
INTRINSIC (i) LAYERS ARE ASSUMED TOEXHIBIT LOW p-TYPE BACKGROUND DOPING

Parameter l Niop m K T,
Unit nm | 1/em® | cm?/Vs | W/emK | -
i-GaAs (absorption) 300 | 1x10% ] 290 0.44 3.65
n-Aly 15Gag gsAs (cladding) 100 | 5x10™ | 1000 0.22 3.54
n-Aly 2Gag gAs (cladding) 300 | 1x10™ | 1300 0.17 3.50
n-Al,Ga;_.As (x=0.9t0 0.2) |16.5 | 1x10™ | graded | 0.10 graded
n-Alg9Gag 1 As (oxidation) 6 1x108 | 60 0.10 2.99
n-Alg 9sGag2As (oxidation) |32 | 1x10% |65 0.86 2.94
n-Aly ¢Gag 1 As (oxidation) 6 1x10% | 60 0.10 2.99
n-Al,Ga;_,As (x=0.15 t0 0.9) | 18.2 | 1x10™ | graded | 0.10 graded
n-Alg 5Gag gsAs (waveguide) | 90 | 1x10™ | 1800 0.22 3.54
i-Alg 15Gag gsAs (waveguide) 10 1x105 | 150 0.22 3.54
i-GaAs (quantum well) 8 1x10% | 310 0.05 3.65
i-Alp.15Gag g5 As (barrier) 8 1x10% | 260 0.05 3.54
i-GaAs (quantum well) 3 1x10° | 310 0.05 3.65
i-A10415Ga0'35AS (barrier) 8 1x10%6 | 260 0.05 3.54
i-GaAs (quantum well) 8 1x10% | 310 0.05 3.65
i-Alp 15Gag g5 As (barrier) 8 1x10% | 260 0.05 3.54
i-GaAs (quantum well) 8 1x10%6 | 310 0.05 3.65
i-Alg.15Gag gsAs (waveguide) | 60 1x10'8 | 260 0.22 3.54
p-Aly2Gag gAs (waveguide) 20 5x10'7 | 135 0.17 3.50
p-Al,Ga;_.As (x=0.9to 0.2) |18.2 | 1x10 | graded | 0.10 graded
p-Alp 9Gag 1As (oxidation) 6 3x10'7 | 60 0.10 2.99
p-Alg.9sGagpoAs (oxidation) 32 3x10" | 60 0.86 2.94
p-AlyGag 1As (oxidation) 6 3x10'7 | 60 0.10 2.99
p-AlL,Ga;_,As (x=0.2 t0 0.9) | 16.5 | 2x10™ | graded | 0.10 graded
p-Alg2Gag gAs (cladding) 300 | 5x10'7 | 135 0.17 3.50
p-Aly 2Gag gAs (cladding) 200 | 2x10™ | 100 0.17 3.50
p-Aly2Gag gAs (cladding) 100 | 5x10%8 | 75 0.17 3.50
i-Alg5GagsAs (sublayer) 3000 | 1x10% | 160 0.11 3.29

GaAs MQW
amplifier

Electron Energy (eV)

W

GaAs |
detector

3.0

3.5

401

L T L
1.5 2.0 25

Fig. 2. Facet micrograph of a fabricated TAP detector. The dark lines are . .
Vertical Axis y (um)

the oxidation layers, the white areas are metal contacts (D—detector contact;
G—ground contact; A—amplifier contact).
Fig. 3. \Vertical band diagram in the center of the deviég-conduction

. . band edgeFE,—valence band edge).
The Al,Ga;_,As system converts from a direct semicon- ger ge)

ductor forz < 0.45 to an indirect semiconductor far > 0.45.

Our device contains both types of materials. The hole transporicalculating the carrier transport across hetero-interfaces. The
is not hindered by this transition. However, most electrons ecemmon band offset ratio @ £./AE, = 60 : 40 is employed
tering the n-doped oxidation layers are transferred fromitheat all interfaces. Fig. 3 shows the band diagram at the vertical
valley into the X side valley of the conduction band. Due taaxis of the device. The top detector contact exhibits a Schottky
the high Al mole fraction, a negligible number of electrons ibarrier of 0.7 eV. The detector biaslg = 0 V in our investi-

still traveling in thel” valley. Thus, the lower band edge is usedation. Due to the grading and doping profile used, the valence
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Fig. 4. Vector plot of the current distribution in the center of the device &9- 6. Comparison of calculated (line) and measured (dots) current-voltage
I, = 100 mA amplifier current (the arrows scale with the current density angharacteristics at forward bigg = 600 y)m.
disappear for less than 10% of the maximum). The left border marks the device

symmetry plane. Current-voltage (V) characteristics at forward bias are cal-
culated for both the amplifier and the detector. Good agreement
10 ! ! ' with measurements is obtained considering the ground contact
resistivity of 1.8 x 10=% Q - cn? (Fig. 6).
quantum well
8 - hole density L
[10cm™] [ll. SELF-HEATING

/

Joule heating is the main heat source in our device. Most
of the photons generated by spontaneous emission are either
leaving the central region of the device or being absorbed in
the GaAs ridge. Self-heating changes electrical and optical ma-
terial properties and it may affect the device performance. The
- thermal conductivity values used in our thermal simulation con-

vertical hole current

density [KA/cm’]
24 oxide aperture

sider the strong effect of alloy scattering in AIGaAs [7] as well

o R I as interface scattering in thin layers [8] (Table I). Outside the
0 1 2 3 4 simulated device region, a lumped external thermal resistance
Lateral Axis x [um] of 50 K/W is employed to represent the GaAs substrate and the

. , i Peat sink.
Fig. 5. Lateral profiles of the vertical hole current component and the hole . L . . .
density in the second quantum well at 100 mA amplifier current. The dashethe calculated internal temperature distribution is shown in
line indicates the oxide aperture. Fig. 7. Due to the contact resistance, the peak temperature of
310 K occurs at the ground contact. The maximum temperature
b g of e oxidaton ayersis almost fat oiopea % TP 40 deector yers < 506 0 207 espectiey
side and it hardly limits the hole injection into the MQW ampli-, b ; . 9 y
ficati . 2 K. Thus, self-heating seems to be relatively small in our de-
ication region. . o : .
. ; o ., .vice and it will be neglected in the following. Improvements of

Fig. 4 gives a 2-D vector plot of the amplifier current dIStrI_the -contact resistance are expected with future devices, which

bution without light input. The MQW injection current is min- " P '

imum in the center of the device. The lateral distribution o\?”" further reduce the heat power generated.

the hole current density in the amplification region is shown
in Fig. 5 as well as the lateral hole density profile. Despite the
current crowding caused by the oxide aperture layers, the holel'he conduction bands of the quantum wells are assumed par-
distribution in the center of the device is aimost uniform due t@bolic and the nonparabolic valence bands are computed by
lateral carrier diffusion in the quantum wells. However, the santike two-bandk - p method [9]. Based on this band structure,
diffusion also causes significant lateral carrier leakage into thee optical gain is calculated using a free carrier model and in-
oxide region. cluding Lorentz broadening with 0.1 ps carrier relaxation time
Without input light, more than 80% of the injected amplifief5]. The GaAs band gap shrinkagefZ, with higher carrier den-
current is consumed by spontaneous emission of photons. Bitg (n = p) is considered as [10]
remaining current mainly feeds Auger recombination within the N
quantum wells (Auger coefficiett = 1.5 x 10730 cmPs—1). A AE, = —21 meV x (L) T 1)
Shockley-Read-Hall (SRH) recombination lifetime of 100 ns is 10% em=2
considered in our simulation, resulting in negligibly small defedthe resulting spectra of the average MQW gain are plotted in
recombination. Fig. 8 for different amplifier currents. The wavelength of max-

V. GAIN AND ABSORPTION
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Fig. 7. Contour plot of the calculated temperature distribution at 100 miaig. 9. Top: vertical intensity profile of the main waveguide modes (solid) and
amplifier current and 300 K ambient temperature. the input beam (dashed). Bottom: vertical refractive index profile.

o

1 1 1 1
: GaAs MQW gain TABLE I
FIBER COUPLING FACTORS ¢ (WITHOUT REFLECTION) AND OPTICAL

100

160 /*\_ CONFINEMENT FACTORS I, AND I'ye¢ OF THE VERTICAL MODES IN
0 i - FIG. 9 FOR AMPLIFICATION AND DETECTION LAYERS, RESPECTIVELY
1% £ S Mode | ¢ Tamp T get
2 Ny i 1 0.231 | 0.00021 | 0.63390
N : 2 0.165 | 0.07562 | 0.06412
: ) 3 0.423 | 0.01187 | 0.00227

bulk GaAs absorption

-

o
1
T

Material Absorption / Gain [1000/cm]
(&)

T=300K

2.54

T T T T T T T T
0.80 0.82 0.84 0.86 0.88 0.90
Wavelength [um]

g
o
1

Fig. 8. Gain and absorption spectra for MQW and ridge, respectively, at room
temperature. Gain spectra are calculated at 20, 40, 60, 80, and 100 mA amplifier
current. The dots represent measured absorption data.

Vertical Axis y [um]
o

imum amplifier gain is about 855 nm, which is in perfect agree-
ment with our experimental observations.

Also shown in Fig. 8 is the measured band-to-band absorp- 1.0
tion spectrum of the detector with an absorption coefficient of e
adet = 9000 cm~! at 855 nm [11]. Detrimental waveguide ab- 0.0 0.5 1.0 15 2.0 2.5 3.0
sorption is caused by free carriers and is proportional to the local Lateral Axis x [um]
density of electronén) and holegp) [12]

Fig. 10. 2-D intensity distribution of the amplifier mode.
s = 3emx () prem ik (2 )L @)
1018 cm—3 1018 cm—3
. o . the top ridge as well as by the oxide layers. A value of 1.7 is used
At our maximum amplifier current of 100 mA, the ampl|-f0r the refractive index of aluminum oxide. Vertical profiles of

fier gain is onlyg.,,, = 3700 cm™', far below the detector : : o .
. Y Jan . . the three main waveguide modes are plotted as solid lines in
absorption. This discrepancy is enhanced by the difference, in . . : ; .
. . the top part of Fig. 9. The intensity profile of the external light
layer thickness. The four quantum wells give a total amplif

beam is given as a dashed line, considering light input from

cation layer thickness of 32 nm, which is much smaller thaarl1 perfectly aligned lensed fiber with 2/&m spot size. Fiber

the absorption layer thickness of 300 nm. Thus, optical wave- ling f d ical f f . .
uide modes are preferred that are mainly confined to the MQ. uping actorsl an _opt|ca con.mement actors are given in
9 able Il. Mode 1 is mainly located in the detector region, mode 2

region. in the amplifier region, and mode 3 does not show much overlap
with any active layer. The amplifier mode 2 seems to be most
desirable for our device; its 2-D contour is shown in Fig. 10.
The vertical profile of the refractive index is plotted in theNithout facet reflection, up to 82% of the input power is coupled
bottom part of Fig. 9. Lateral mode confinement is provided kipto these three main waveguide modes. Most of the remaining

V. OPTICAL MODES
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Fig. 11. Relative modal power versus travel distance for the three main modei§- 12.  Photocurrent and quantum efficiency versus amplifier current for 268
W input power at 855 nm (lines—simulation; dots—measurement).

light power is lost in unguided (leaky) optical modes. The 0t otocurrent enhancement. The sum of all three modal cur-
modal gain of each mode is given as rents gives the total photocurrent in Fig. 12 (solid line), which

is surprisingly close to the measurement, considering that no

9m = PampGamp — D'det¥det — o (3)  parameter fit was performed in our simulation thus far. We se-

lected the measurement with the highest photocurrent, as ob-
with the waveguide loss parametey, which includes free-car- tained by optimum fiber alignment. Better agreement with this
rier absorption and photon scattering losses, e.g., due to fheéasurement can be achieved by assuming waveguide losses of
oxide aperture roughness. For any given wavelength and caf-= 30 cm~ in our simulation (dashed line in Fig. 12). Only
rent, the parametetg ., andaqe.; can be extracted from Fig. 8. a3 small part of this waveguide loss is attributed to free-carrier

The relative modal power in travel directieris given by absorption s = 6 cm~! for mode 2 at 100 mA). Photon scat-
tering seems to dominate,. However, this fit parameter also
P . .
™ _ (1= R)erexp(gm?) @) compensa_tes fqr other uncertalnt|e§, such as.the photocurrent
P from unguided light or inaccurate gain calculation.

. ) i The maximum measured photocurrent corresponds to only
with the input light power?;,, and the facet power reflectanceggo, quantum efficiency, much less than anticipated. Our

R. For B = 0.3, the modal power is plotted in Fig. 11 withga) was to surpass 100% quantum efficiency given by the
100 mA amplifier current. The detector mode 1 is Completeghotocurrent

absorbed after a short travel distance. The amplifier mode 2 also
suffers from net absorption. Only the cladding mode 3 exhibits 0% _ 4 p (6)
positive gain. However, its small overlap with the detector limits ph hy™ ™

the photocurrent. _ . . .
which amounts to 0.185 mA in our case. The simulation reveals

several reasons why this goal cannot be accomplished with our
present device. A major reason is the imbalance of amplifica-
Based on the data above, we are now able to calculate tit® and detection in our waveguide modes. Photons that are

VI. DETECTOREFFICIENCY

photocurrent for each mode [2] multiplied by stimulated emission stay within the same mode.
Ideally, an equal number of photons should be generated and

q exp(gm L) — 1 absorbed in each mode. This would give constant modal power

I = Epin(l - R)CfrdetadetT ®) along the device so that the photocurrent would continuously

increase with the device length, without saturation. Within such
with the electron charge and the photon energyv. Fig. 12 a balanced mode, the quantum well gain should be as high as
plots the modal photocurrents as function of the amplifier cupossible to achieve high photon throughput to the detector. The
rent for 268, W input power andk = 0.3. As expected, the amplifier mode has the highest confinement fadfgg,, and
current from the detector mode is not affected by the amplifictiie best potential to reach this goal. However, it experiences too
tion. Initially, it provides the strongest contribution to the totanuch absorption. The cladding mode exhibits little overlap with
photocurrent, due to the mode confinement to the detector laytbe detector region which results in constant optical power at
The cladding mode contains the highest initial power and it elow amplifier current of/4 = 30 mA (cf. Fig. 11,a, = 0).
periences significant gain. Its photocurrent dominates at highgut it is not the preferred mode as its MQW gain is relatively
amplifier current, despite the small overlap with the detectamall. It also diverts light power from the more productive am-
The amplifier mode 2 exhibits the strongest confinement to tipdifier mode. Finally, the detector mode only gives a constant
amplifier region and it therefore contributes substantially to th#hotocurrent and it hardly contributes to the light amplification.
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1.4 TABLE 1II
) _ F 700 FIBER COUPLING FACTORS ¢ (WITHOUT REFLECTION) AND OPTICAL
1.2 + increased detector length L = 400 um CONFINEMENT FACTORS I,y AND g, OF THE TWO MODES INFIG. 14
t \ F 600 < FOR AMPLIFICATION AND DETECTION LAYERS, RESPECTIVELY
104 < =
E’ ‘;9; + antireflection coating R = 0.01 E 500 cZ;‘ Mode | ¢ [‘amp Fdet
N
= 084 E 400 S 1 0.266 | 0.00744 | 0.29228
c g E e
o v S, A,,Ga,,As lower cladding b 2 0.342 | 0.19291 | 0.05629
g3 "0 2 300 E
(] [0 -
° © 5 - . . .
£ 041 | 7 awe d =200 -200 3 the original design. However, the fiber coupling factor of the
S, = nm . . .
1 highly productive amplifier mode 2 has more than doubled,
0.24 E 100 . . . . . .
which gives a much improved detector efficiency (Fig. 13). The
0.0 - 0 amplifier mode is perfectly balanced at 95 mA amplifier current

Fig. 13. Photocurrent and quantum efficiency versus amplifier current w
optimized device design¥,, = 268 uW, v, = 30 cm~*!; lines—simulation;

T —
50 100

200
Amplifier Current [mA/mm]

—
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dots—original measurement).

—
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g £ B
£ 324 2 S L
5] € )
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=
& 3.0+ -
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1.0 15 2.0 25

Vertical Axis y (um)

(817 mA/mm), which is considered the upper limit of detector
operation in order to avoid saturation effects. The maximum
iﬁlluantum efficiency at this current is 390%. The detector mode
contributes only 0.034 mA to the photocurrent.

Antireflection coating of the front facetR = 0.01) and
an increased device length (= 400um) further enhance the
quantum efficiency (Fig. 13). Due to microwave propagation
loss, longer devices are expected to reduce the bandwidth below
40 GHz. [2] Overall, our device optimization promises more
than 700% quantum efficiency, which represents an improve-
ment of the original performance by more than one order of
magnitude.

VIIl. SUMMARY

We have evaluated device physics and performance of
oxide-confined amplification photodetectors. The simulation
is in good agreement with the experimental results. The poor
quantum efficiency measured is confirmed by the simulation.
Most of the input power is found to be coupled into inefficient
waveguide modes with weak amplification effect. Device

Fig. 14. Vertical profiles of refractive index (bottom) and optical modes (togdptimization is performed in order to enhance the amplification
for the optimized device design.

Following the analysis above, we now optimize the device de-

VII. DEVICE OPTIMIZATION

of the most efficient waveguide mode and to suppress all other
modes. Simulation of the optimized device shows more than ten
times improvement of the detection efficiency, which surpasses
700%.

signin order to better support the amplifier mode and to suppress
the other two modes. First, the amplifier gain is increased by
raising the number of quantum wells, while maintaining the total []
thickness of the amplifier waveguide. Seven quantum wells are
found to be optimum, increasing the modal gain from 286 tm
to 400 cnT! (I, = 100 mA). Second, the modal detector ab- [2]
sorption needs to be lowered in order to match the modal ampli-
fier gain. A reduced detector thickness of 200 nm accomplisheg3]
this balance for the amplifier mode. At this point, the TAP de- 4]
tector is still affected by three optical modes. The corresponding
total photocurrent is shown in Fig. 13 with a maximum of 145% [5]
quantum efficiency. 6]
The next step is the elimination of the cladding mode by
using a uniformAl, Ga; _,As composition ofz = 0.35 below [7]
the oxide layer. The resulting profiles of the refractive index 8]
and of the two remaining optical modes are plotted in Fig. 14.
The corresponding coupling and confinement factors are given
in Table Ill. Both of the modes have less overlap with the [°]
detector region than in Table II. Up to 61% of the input power 10]
can now be coupled into the waveguide, compared to 82% witL
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