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Enhanced Electro-Optic Phase Modulation in InGaAs
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Abstract—Electro-optic properties of self assembled InGaAs
quantum posts have been studied experimentally. For TE polar-
ization phase modulation enhancement up to 27% over devices
containing InGaAs quantum well of the same average composition
and thickness was observed indicating significant electro-optic
coefficient increase in quantum posts. The measured linear and
quadratic electro-optic coefficients of the quantum posts were as
high as 17.8 X107'% m/V and 49.4 x10~>* m?/V* at 1500 nm
which are more than an order of magnitude larger than those of
GaAs.

Index Terms—Optical waveguide components, phase modula-
tion, quantum dots, semiconductor waveguides.

1. INTRODUCTION

ONLINEAR optical and electro-optic materials used
N in switching and modulation are crucial for realizing
photonic integrated circuits. Bulk III-V semiconductors such as
GaAs and InP have linear electro-optic (LEO) coefficients much
smaller than that of lithium niobate. Advances in crystal growth
led to the realization of quantum wells which have enhanced
electro-optic effects properties due to quantum confined Stark
effect (QCSE) near the excitonic absorption edge [1]. However
this improvement typically comes with a bias dependent loss
increase. Recently, there has been growing interest in utilizing
nanostructures such as self-assembled quantum dots to enhance
electro-optic efficiency of semiconductors [2]-[4]. Quantum
dots are expected to exhibit enhanced optical nonlinearities
and electro-optic effects due to modification in the density of
states [5]. Enhancement of phase shift efficiency of multiple
layer InGaAs quantum dot (QD) layers over bulk GaAs of
about 20%-35% near 1500 nm have been observed [2]-[4].
The extracted linear electro-optic coefficient of the QDs is
estimated to be as much as 20 times higher than that of bulk
GaAs [3]. This is a significant enhancement making compound
semiconductor electro-optic coefficients comparable to that of
lithium niobate. Furthermore this improvement comes with
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Fig. 1. Details of the epilayer and the cross-sectional profile of the phase mod-
ulator. The QPs are schematically shown. Al content is 0.7 for AlGaAs layers.

little bias dependent loss increase. It is also possible to prepare
different types of novel quantum confined structures using self
assembly techniques. Quantum posts (QPs) which are stacked
QDs connected by short quantum wires are an example of such
novel nanostructures [6]—[8]. Currently, there is strong research
effort to characterize various physical parameters of quantum
posts and to adapt them to various devices such as modulators
and memory cells [9]. In this paper, we report on the phase
shift enhancement in phase modulators with a single layer of
quantum posts (QPs) embedded in the core of the waveguide.

While typical stacked QDs are separated by 35-40 nm thick
GaAs spacer layers [3], [4], QPs form a cylinder with composi-
tion similar to QDs at the top and bottom. As a result, we expect
QPs to have better overlap with the optical mode compared to
two stacked QD layers with a GaAs spacer in-between and could
lead to higher effective index changes.

II. MATERIAL AND DEVICE DESCRIPTION

Fig. 1 shows the epilayer detail along with the phase mod-
ulator cross-sectional profile. The epilayer was grown on an
n-GaAs substrate with MBE. 0.5 um Alg 7Gag 3As(Np = 1 x
10*® cm~3) and 1.5 pm Alg 7Gag 3As(Np = 2.4 x 1017 cm™3)
layers are grown as the bottom cladding. The 140 nm core layer
consists of a 40 nm QP layer imbedded between two 50 nm
GaAs spacers. The QPs consists of two self assembled InGaAs
QDs connected together by a short InGaAs QW [6]-[8]. The
QPs are 40 nm wide and 40 nm high and their areal density is
estimated to be ~ 100/um?. 1.2 yum Alg 7Gag 3As(Ny = 1 X
10 cm=3) and 0.5 pum Alg 7Gag 3As(Nay = 1 x 10! cm™3)
layers are grown to form the top cladding. Finally, the structure
is capped with a 0.1 zm GaAs(Na = 2 x 10'® cm~3) layer.

Fabrication starts with RIE etching 2 pym waveguides 1.3
pm deep into the top cladding. 0.3 pm thick SisNy is evap-
orated for surface passivation. Slots are opened on top of the
waveguide and Ti—Au is evaporated and lifted off to form top
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Fig. 2. Photoluminescence spectra of samples with and without QPs at 5 K.

ohmic contacts. 40 ym wide mesas are formed by RIE etching
slightly into the bottom cladding to electrically isolate the de-
vices. Ni/AuGe/Ni/Au is blanket evaporated on the bottom of
the sample and the contacts are annealed at 430°C for 30 sec-
onds.

The core of the optical waveguide contains QPs which are
prepared using controlled deposition of monolayers of GaAs
and InAs along with appropriate growth interruptions [6]—[8].
QPs contain higher indium content (~45%) compared to the In-
GaAs quantum well (~12.5%) they are formed in. The top and
bottom of the QPs have slightly higher indium content (~50%).
Therefore, the QPs can be thought as two QDs connected by a
region of slightly lower indium composition embedded in an In-
GaAs QW region of even lower indium composition. As a result,
their shape and quantum confinement are different from QDs
prepared in the same material system. In this work QPs were 40
nm high and 40 nm wide with an areal density about 100/;m?.
We call the epilayer with the same average InGaAs composition
and thickness but without the QPs or QDs the matrix. It is ac-
tually possible to obtain both epilayers, i.e., epilayers with QPs
and matrix, during the same growth, hence on the same wafer.
This is achieved by stopping the rotation of the sample when
seed QDs are deposited to form QPs [8]. This approach makes
the lower half of the wafer closer to the indium source have a
high density of QDs while the upper half has very few QDs.
Using this method, samples with high density QPs and no QPs
can be obtained at the same time. This approach reduces the
possibility of variation in doping level, thickness and composi-
tion if the two samples had been grown separately. To verify the
variation in QP density, photoluminescence measurements were
made on the samples and the results are shown in Fig. 2. The
peak near 916 nm corresponds to that of the Ing.125Gag g75AS
quantum well matrix while that at 1010 nm corresponds to the
QPs. The measurement clearly shows that there is very little, if
any QDs or QPs in the matrix region. The PL spectra at room
temperature do not show the peak due to QPs. However the
structure is still identical and indium variation due to presence
of QPs exist. For both the QP and matrix layers average indium
composition is 12.5%.

III. EXPERIMENTAL RESULTS AND DISCUSSION

After the growth and fabrication, the devices were cleaved to
4.5 mm length to form Fabry—Perot phase modulators. Trans-
mission through the Fabry—Perot phase modulators was mea-
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sured as a function of wavelength at different bias voltages.
From the data, index change as a function of bias voltage can
be extracted.

In a compound semiconductor contribution of various effects
to effective index can be written as

Anrtg = Angeo + Anrc £ Anpeo
Anty = Angeo + Anrc (1)

where Anpgpo, Angeo, and Anpc are the effective index
change due to linear electro-optic (LEO), quadratic electro-optic
(QEO), and free carrier (FC) related effects. We do not consider
the thermo-optic (TO) effect since the pin junction is reverse
biased and temperature increase due to power dissipation is
negligible. Each one of the contributing effects can be calcu-
lated using the formulas below:

1 .

Ancpo(V) =5— 3 nir; / U -E(V)dxdy b)
1

A’I”LQEo(V) = —2n " ’rL?RL / |U|2 E(V)Zdldy (3)

1
Anpc(V) = - <Z niCh.i / U -N(V)dzdy

+Zni0p7i/|U|2-P(V)da:dy> .
@)

Here, n.g is the effective mode index, n; is the refrac-
tive index, 7; is the linear electro-optic coefficient, R; is the
quadratic electro-optic coefficient, C', ; and C,,; are the elec-
tron and hole free carrier coefficients. The subscript ¢ labels
regions with different material. U is the normalized optical
mode field profile and FE is the modulating electrical field. N
and P are electron and hole concentrations. LEO effect can
either add to or subtract from the other effects depending on the
direction of the waveguides with respect to crystal orientation.
In our case, waveguides are oriented such that LEO adds to the
other effects.

In order to calculate the overall index change givenin (1), the
optical mode shape, electric field profile, carrier concentration
profiles and material coefficients in (2)—(4) must be known
accurately. The doping profile must be known to calculate the
electrical field profile. The doping profile of the epilayer is
found using SIMS analysis. The measured doping level for n
and p AlGaAs adjacent to the core was 2.4 x10'7 cm—3 and
1 x10'7 cm~3 respectively. Accuracy of the doping levels and
layer thicknesses can be verified by comparing the measured
and calculated CV profiles. Calculation is done with a com-
mercially available software package. These profiles are shown
in Fig. 3 and are in very good agreement. The CV profile of
devices with and without QPs was virtually identical so only
data for devices with QPs is shown.

Once we have confidence in the doping profile we can also
calculate the carrier concentrations as a function of bias. The
next step is to calculate the optical mode profile. For this cal-
culation all the indexes and thicknesses are known except for
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Fig. 3. Measured and calculated capacitance as a function of reverse bias
voltage. Open squares and solid line shows measurement data and calculation
based on the cross-sectional profile shown in Fig. 1 respectively.

the index of the QP or the matrix layer. For this layer we used
the index of GaAs since this layer contains only 12.5% indium
and is mostly GaAs. Once the optical mode shape is known it
is possible to calculate the overlap integrals in (2)—(4) using the
calculated electric field and carrier concentration. The rest of the
calculation requires material parameters. While material param-
eters of GaAs are well known [10]-[14], there is little reliable
data for Aly.7Gag 3As and Ing 125Gag g75As. In principle these
can be obtained by fitting experimental data to (1). But there are
too many unknown coefficients which makes such a fit very dif-
ficult. Instead, we perform a comparative analysis by comparing
the index change in devices with QPs, An, to that without QPs,
An,,. First, we assume that the refractive index of the QP layer
is very similar to that of the matrix. Then, we can assume that
the optical mode profile is the same with and without QPs. Fur-
ther, we can assume that the electrical field and doping profiles
are the same for both cases since CV measurements are virtually
identical for both cases. We do not expect LEO contribution for
TM polarization. Then, the difference in index change between
devices with and without QPs can be written as

1
chff
X / |Urnm|? -E2dzdy 5)

L ntr, — )

Ang — Ang, oy = (nfRs — nfan)

Ang — Any, g = ST
(&3

X / |Urg|? -Edzdy
1
2neff

x / Ure|” - E*dady. (6)

+ (n‘sz - nfan)

Experimentally obtained Ang — ANy, | ooy and
Ang — Ang,|rg values are shown in Fig. 4 as a function of
bias voltage for phase modulators with and without QPs for
both polarizations. We observe that there is an improvement in

1129

2.0
i 1 o QP
8 1.8+ B matrix
» J
= 1.6
< p
X 144
8 ]
£ 124
2 10l
"g 4
2 0.8
o |
g 061
S, 044
% 4
0.2
3} o2 .,
0.0 LA Q T v — 7T

T T
40 -8 -6 4 2 0

-16 -14 -12
Voltage (V)
(@)

9

] O QP
ﬁrg 8-: a ” B matrix
X 74 = &
S 1 g
x 69 . [ g
o ] ]
° £ ]
£ 97 L i ]

; ]
(0]
2 41 "5 0
3 5 ' iz
5 .
c o
£ o g
2 14 .
T
o
O 0+———"FT—"TF—F"T"—F=F=7==1 T

-6 -14 -12 10 -8 6 -4 -2 0

Voltage (V)
(b)

Fig. 4. Index change of modulators with and without QPs as a function of re-
verse voltage for (a) TM and (b) TE polarization at 1500 nm. Waveguide width
is 2 pm. Open circles represents the difference between modulators with and
without QPs and the solid lines are fits to data. Dashed line in (b) is the en-
hancement due to QEO shown in (a).

the index change for both polarizations. For each polarization
the open circles are the difference due to the presence of QPs
and the solid line is the fit to this data. The improvement is
far more significant for TE polarization and is as much as
27%. Based on TM polarization measurements we see the
enhancement in the QEO is not significant. This is expected
since we are operating at a wavelength far away from the
absorption edge of both the QP and matrix layers. Due to
significant wavelength dependence of QEO coefficients we
expect very little index change contribution due to QEO
effect. However the significant enhancement in the index
change for the TE polarization leads us to believe that there is
significant enhancement in LEO contribution. We can obtain
the enhancement in LEO contribution in the following way. For
TM polarization n*R,—n? R,, can be obtained by fitting the
measurements shown in Fig. 4(a) to (5). As mentioned earlier
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this is a very small amount. Assuming the QEO contribution
far away from the absorption edge is almost the same for both
polarizations, nr, — n r,, can be obtained by subtracting the
QEO contribution from Ang, — Ang, |1g.

This allows us to quantify the LEO improvement. We observe
that index change due to nr,—n? r,, is an order of magnitude
larger than that from n?R,—n% R,, indicating that most of the
index change enhancement for TE polarization is from LEO ef-
fect. Hence, contribution of QEO to index change is about 10%
and error in estimating enhancement due to LEO if QEO is ne-
glected is about 10%.

The relative enhancement of the LEO effect in QPs can be
calculated using a fill factor argument as

4 4

niry —ntr, =F- n4QPer + (1= F)ntrp —ntrm

=F (n4QPer - niﬁm) 7

F is the fill factor of the self assembled QPs (~0.127). Rear-
ranging (7), we obtain

(nirs —niry)
T TF- nE rm 1 ®

4
’I”LQP’I“QP
ndrm,

The relative enhancement due to QEO effect can be also
calculated in an identical way. Since there is little material
information for Ing 125Gag g7sAs matrix layer, we will use
those of GaAs to estimate the relative enhancement of QPs in
(8). These values are n = 3.37, r = 1.5 x 10712 m/V,
and R = 4.2 x 1072 m?/V? [14]. Using this ap-
proach we obtain n.,prop/npy,rm = 11.85 £ 1.52 and
ngpRop /[y Ry = 6.4+ 4.4

These numbers are important because they allow us to quan-
tify the improvement independent of the fill factor. There is
about an order of magnitude increase in phase shift efficiency for
the LEO effect. Since this improvement involves the index of the
material one may wonder if there is also a significant improve-
ment in the index. For the enhancement to be due to index alone
ngp ~ 1.78n,, ~ 6. Although the index of Ing 125Gag g75As
is not known such a high value is unrealistic. Optical propa-
gation loss with and without QPs were identical indicating the
band edge is far removed from the measurement wavelength
of 1500 nm. From these observations, we can argue that most
of the enhancement is due to increase in electro-optic coeffi-
cients 7 and R along with some modest index increase. Fur-
ther work on measuring the refractive index of Ing, 195 Gag g75 As
and QP material is needed to exactly determine the electro-optic
coefficients. For comparison, if we use the material parame-
ters of GaAs for the InGaAs matrix, we obtain rgp = 17.8 X
1072 m/V and Rgp = 49.4x 10721 m? /V2. The enhancement
found in QPs is comparable with the improved results on QDs of
¢y pTQD [Ny Tm 0f 7-10 [4] and rq p of 34 X107 m/V [3] re-
ported earlier, although in [3] and [4] the possible enhancement
in QEO effect is not taken into account.

IV. CONCLUSIONS

By imbedding a single quantum post layer in the core of
a waveguide, we were able to enhance the TE phase shift
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efficiency by up to 27% compared to cores with the same
average composition and thickness without the QPs. Estimation
of the relative enhancement of the LEO and QEO effects in
the QPs indicate an order of magnitude improvement for LEO.
The extracted LEO and QEO coefficients for the QPs were
17.8 x10712 m/V and 49.4x 10721 m?/V? respectively. This
result is comparable with those obtained from phase modula-
tors with 3-5 layers of QDs imbedded in the core region with
respect to bulk GaAs. Phase shift efficiency could be enhanced
further by using multiple layers of QPs within the core of the
waveguide.
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