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Optimization for Top DBR’s Reflectivity in RCE Photodectector
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Abstract: T he monolithic integration of vertical-cavity surface-emitting lasers (VCSEL) with photodetectors is very
important in the application of free-space optical interconnects. Theoretical and experimental results on the reso—
nant-cavity-enhanced (RCE) photodetector with VCSEL Structure are presented. The compatible requirement in
input mirror reflectivity between the VCSEL and the RCE detector is achieved by precisely etching the top mirror.
In this way, the RCE detector with relatively high quantum efficiency and necessary optical bandwidth has been ob-

tained.
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1 Introduction

Considerable interest has been found in the
free-space optical interconnects (FSOI’s) for their
potential in relieving the electrical interconnects of
bottle-necks. The channel density of FSOI’s is in-
herently two-dimensional (2-D), which is suitable
for the boardto-board and chip-to-chip intercon-
nects.

Vertical-cavity surface-emitting lasers ( VC-
SEL’s) are promising light sources for optical in-
terconnects owing to their advantages, such as low
threshold current, single mode operation, low beam
divergence, high-modulated speed, and two-dimen-
sional array fabrication. T o fully utilize the 2-D na-
ture of the optical interconnects, it is desirable that
we should have the integrated arrays of VCSEL"s
and photo-detectors. Flip-chip bonding is one of

the methods of packaging 2-D array of VCSEL’s
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with detectors, which needs very precise align-
ment'"". Another integration technique is using the
patterned re-growth, i. e., one device structure has
been grown with epilayers in this field and selec-
tively removed before the other device structure
was grown. T his method reduces the device yield,
and increases the complexity of the fabrication at
the same time, thus it leads to a substantial in-
crease of the cost. Another integration technique is
to use the same technology for both VCSEL and
detector, i. e., to use a resonant-cavity-enhanced
( RCE) photodetector'”. RCE photodetector has
the properties such as wavelength-selectivity, high
quantum efficiency, and high-speed response'™".
VCSEL and RCE photodetector are both resonant—
cavity-enhanced photonic devices, with the funda-
mental structure of multiple quantum wells sand-
wiched between two high-reflectivity DBR ( dis-
tributed Bragg reflector) mirrors, though they have

different requirements for the input/output mir-
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ror. They can be fabricated in the same wafer with
almost the same technology to realize the relatively
simple monolithic integration.

Using the method of chemical etching, we pre—
cisely alter the reflectivity of a resonant cavity to
study how the detector’s quantum efficiency and
the optical bandwidth vary with the top mirror’s
reflectivity. And finally a RCE photodetector with
comparatively high quantum efficiency and a rea-

sonable optical bandwidth is obtained.

2 Analysis

VCSEL and RCE photodetector are both reso—
nant-cavity-enhanced photonic devices whose ac-
tive structure ( lasing region or absorption region)
is placed inside a DBR resonant cavity. T he detailed
structure is illustrated in Fig. 2. In such a struc-
ture, though most of the device functions are same
as before, they are effected by the cavity: wave-
length selectivity and large enhancement in the res—
onant optical field.

The quantum efficiency of RCE photodetector
can be written as'”

M= (1= Ru)(1+ Riwe ") (1- e ")/

|

(1= 2 JRuRuae " cos(2BL + Wi+ W)

+ RiuRiae” 2[“""'“]
where the propagation constant f= 2mn/Ao, do is the
vacuum wavelength, n is the refractive index; L is
the cavity length, Riv and Ru. are the input (top)
and back (bottom) mirror reflectivity, respective—
ly, & is the absorption coefficient and d is the total
thickness of the absorbing material. Ten is the
standing wave enhancement factor, ¥ and ¥: are
the phase shifts due to the light penetrating the in-
put and back mirrors separately.

Since B is of wavelength dependence, ' is a pe-
riodic function of the inverse wavelength. Contrast
to the conventional detector, even though with a
comparatively thin absorption layer, devices are of
high quantum efficiency owing to the resonant cav—

ity, and of high-speed response as well.

1N is enhanced periodically with the resonant
wavelengths when 28L+ Wi+ Wo= 2mm(m= 1, 2,
3, ***). The peak quantum efficiency ", and the
FWHM optical bandwidth AAiz2 are given by'”
(1= Ru)(1+ Ruwae ") (1- e =)

n, = .
( 1- IRinRuake” ]-""I'Dﬂ} 2
FWHM = AAie
_ A (1- JRuRwe " bt
ZTTL eff 2ml. vFF( R in R back } I/4e_ Feanl/2

where A is the resonant wavelength of the detector,
and Ler is the effective cavity length, which is the
multiple of the resonant wavelength.

Figure 1 shows the relationship between 1,
AAiy2 and R, assuming that «= 6000cm™ ', Lar=
3.5, Tew=1. 83, d= 24nm (the absorption region
is composed of three 8nm Ino2 Gaos As/GaAs
QW-s),and do= 980nm. The four curves represent
M, and AAi2 versus R at different back mirror re—
flectivity. From this figure, it can be seen that,
when Ris increases, AAi2z will increase accordingly,
while 1, will increase first and then decrease. When

=, 0l P . .
Ri= Ruke ~ ", the maximized 7, is obtained.

FIG. 1

Quantum Efficiency and Optical Bandwidth
Versus Input Mirror Reflectivity for Resonant-Cavity
Detector

For a FSOI, the bandwidth is rather wide.
such as ranging between 5—6nm. A wide optical
bandwidth is required to tolerate the variations in
wavelength over a wafer and from one wafer to the
other, as well as the differences in operating tem-
peratures between different arrays. It can be seen

in Fig. 1 that a VCSEL (with Ru larger than 99%)
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acting as a detector, devices with low quantum effi-
ciency and narrow optical bandwidth can be yield—
ed. By reducing the Rin to about 95%, the detector
has the maximum quantum efficiency but a fairly
narrow optical bandwidth. To obtain a wider opti-
cal bandwidth, the Ri should be reduced further,
thus the quantum efficiency is traded for the opti-
cal bandwidth. With a proper input mirror reflec—
tivity selected, the detector with both the reason-
ably large optical bandwidth and the adequate ab-
sorption can be obtained. In this paper, we have
presented a wet chemical etching method to alter
the input mirror reflectivity of device, and mea-
sured the quantum efficiency spectrum that varies

w ith Riu.

3 Results and Discussion

The device structure was grown by MOCVD
on an N* -doped GaAs substrate. As shown in Fig.
2, the epitaxial layers mainly consist of three parts.
The bottom mirrors are 32 periods of n-doped
GaAs/AlooGao1As DBR; the middle parts consist—
ed of three undoped Ino2GaosAs/GaAs quantum
wells, which are cladded by Alo.3Gao.7As confined
layers; and the top mirrors are 22 periods of P-
doped GaAs/Alo.oGao1As DBR. The first top layer
is P* -doped GaAs as a contact. With this struc—
ture, we can fabricate a vertical-cavity surface—
emitting laser, with the lateral oxidation operating
at wave band of 980nm, and the threshold current

of several hundred of microampere.

P* GaAs A4
P AlooGao 1As A4
P GaAs A4
21X
P Alo.oGan 1As A4
| Alo sGan 7As
3)( | G:l."\h' Slllll
| Ino. 2Gao sAs 10nm
I GaAs 8nm
1 Alo 3Gao 7As
N GaAs A4
32
N Alo.oGao 1As A4

GaAs Buffer
N* GaAs Substrate

FIG.2 Structure of VCSEL Wafer

Figure 3 is the measured reflectivity spectrum
for the epitaxial wafer. The resonant wavelength
has been designed to be 980nm originally. During
the growth of the materials by MOCVD, the varia—
tion in wavelength will appear inevitably, owing to
any deviation of structure thickness. The measured
variation of the wafer is about 3nm/mm. T he reso—
nant wavelength we measured in this paper is

958.4nm, at the center of the high reflectivity

band.
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FIG.3 Measured Reflectivity of Wafer

The RCE photodetectors using this VCSEL
structure epitaxial wafer have been fabricated. T he
measured photocurrent spectra are shown in Fig.
4. The wavelength of the peak photocurrent is

958. 2nm exactly.
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FIG.4 Measured Photocurrent Spectra

The accurately controlled etching is used to al-
ter the reflectivity of the input DBR progressively.
Figure 4 is the photocurrent spectra we measured
with different Rin, in which, the solid line denotes
the device with a complete VCSEL epitaxial strue-
ture (unetched); the dash line denotes the one with

12 periods of top DBR etched off, while the dot line
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denotes the one with 16 periods of top DBR etched
off. By lessening the top DBR’s periods and de—
the

detector’s quantum efficiency and the optical band-

creasing input mirror’s reflectivity, the
width would be changed obviously. As for the de-
vice with 12 periods being etched, the peak pho-
tocurrent increased 10 times as much as that of the
unetched one, and the spectrum response broad-
ened from 2nm to 3. 6nm. As for the one with 16
periods etched, the spectrum bandwidth broadened
continuously beyond 10nm but the peak photocur-
rent would decrease, and the spectrum would have
a little blue shift for some unknown reason. Figure

5 are the measured curves of the peak value of pho-
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FIG.5

Versus Input Mirror Reflectivity

4 Conclusion

In this paper, we present the theoretical and
experimental results of RCE photodetector with
VCSEL structure. By properly etching the top DBR
of device to alter the input mirror reflectivity, the
RCE photodetector with both reasonably large op-
tical bandwidth and adequate quantum efficiency
can be realized. T hese results prove the potential of
the monolithic integration of high performance VC-

SEL with RCE photodetector.
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