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I. EXECUTIVE SUMMARY

This project report summarizes the UC Davis-led Cold Atom Microsystems ( CAMS)
project that covers progress on coherent frequency shifter, optical isolator, and lasers at 780 nm
wavelength. The LiNbOs based coherent optical frequency shifter worked as a single
tone high extinction frequency up shifter/down shifter while it also achieved high
extinction optical isolators. The ring laser achieved room temperature cw operations at 780 nm.
The summary of the key achievements are as follows:

(1) Successful experimental demonstration of single tone frequency shifting with extinction 20 dB,
(2) experimental demonstration of frequency shifting with continuous sweeping from +/- 2.5 GHz
frequency shifts with potential capability to achieve beyond +/- 10 GHz; (3) experimental
demonstration achieving frequency shifting with 20 dB optical isolation; (4) experimental
demonstration achieving frequency shifting with < 10 % leakage; (5) experimental demonstration
achieving frequency shifting with < 3 dB forward optical loss; (6) 29.3 dBm RF power operation
of optical frequency shifter; (7) a new design and theoretical analysis of frequency shifter with
larger electro-optical coefficients demonstrating 2.85x reduction of required voltage (7.2 power
reduction); (8) Room temperature cw operation of broad area 780 nm laser fabricated using
AlGaAs MQWs bonding wafer stack with InGaP etch stop layer calibrating lasing wavelength and
Ll-curves; (9) Development of AlGaAs active-passive laser fabrication processes including
optimized wafer bonding and AlGaAs dry etching recipe; (10) Fabrication of the new 780 nm
AlGaAs active-passive integrated laser.

II. TECHNICAL APPROACH AND RESULTS

I1.1. Frequency shift on LiNbO3; and InP

I1.1.a. Principle of Operation

Figure 1 illustrates a circularly polarized light wave incident on a rotating half-wave plate.
We use a Jones matrix method to show the optical frequency shifting of the incident
circularly polarized light. A wave plate is represented by a 2x2 Jones matrix in (1).

—il'/2

ecos’y +e"?sin*y  —isin(I'/2)sin(2y) )

ir/2

WP(v)= —isin([/2)sin(2y)  €"?cos’y +e " sin’y

where y, is the angle between the slow axis of the wave plate and the x-axis (horizontal axis)
of the polarization plane of the light which is orthogonal to the propagation direction and /" is the
phase retardation of the wave plate.

F:T(”s—”/)L (2)

where L is the thickness of the wave plate, /4 is the wavelength, and ns and nyare the refractive
indices of slow and fast axes respectively.
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Direction of Propagation

Output
Rotating RHCP
Half-wave, o+20

Plate

Figure 1 Frequency shifting of a LHCP light incident on a rotating half-wave plate (RHWP).
The phase retardation, I, is equal to « for a half-wave plate. The angle y is equal to w:# for a
wave plate rotating counter clockwise with a frequency of w, viewing from the light source and ¢
is the time. Then, we can express the Jones matrix for a rotating half-wave plate (RHWP) as in

3).

€)

RHWP(w,) = e"”’{cos(za’rt) sin(2a,1) }

sin(2w,1) —cos(2ew,t)

Left hand circularly polarized waves (LHCP) and the right hand circularly polarized waves
(RHCP) with an optical frequency of @ by 1x2 Jones as given in (4) and (5).

LHCP(w) = \/%He”’ €))
RHCP(a))—\/lELIi}W 5)

If we assume that a LHCP wave is incident on a RHWP rotating in the clockwise direction and
calculate the output as shown in- (6).

Output = RHWP(w,) LHCP(w)

wa| €OS(20,2)  sin(2m,t DA o on 1 1| ser2an
- Lin((Za)rt)) —005(20),,3)}\/5{1}6 - ﬁ{i}e( ) ©)
=e "’RHCP(w+2w,)

In this case, the direction of the rotation of the RHWP is in the opposite sense with respect to
the polarization of incident circularly polarized wave, so the frequency of the output wave is
increased by twice the rotation frequency of the half-wave plate and the output polarization
becomes RHCP.

When the direction of the rotation of the half-wave plate is in the same sense with the
polarization of the incident circularly polarized wave, the frequency of the output wave is
decreased by twice the rotation frequency of the half-wave plate.

11.1.b. Electro-optical Rotating Half-Wave Plate in LiNbOs

It is possible to emulate a rotating half-wave plate by optical index modulation using Pockels
effect in some electro-optical materials. In [1], a Ti-diffused waveguide in an x-cut z-propagating
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LiNbO3 device was used to realize an electro-optical rotating half-wave plate. In quadrature

electric fields in x and y directions were applied to the waveguide using three electrodes. In this

section, we investigate the index changes for the device in [1] under in quadrature electric fields.
The electro-optic tensor of LiNbOs is represented by the 6x3 matrix in (7).

Iy

0
0 .
Tn N3 E
0
0

0 X
o= wllE (M
n 7, O ’
EZ
T 0 0
|- 0 0

where the coefficient r is called Pockels coefficient. The refractive index is modified linearly
with the applied electric field in x, y, and z-directions represented by the subscripts 1, 2, and 3 due
to Pockels effect according to (8). The subscripts 4, 5 and 6 represent off diagonal elements in yz,
zx and xy-directions.

(7] =2 ®

Then using (7) and (8), we write the index ellipsoid equation or the indicatrix for LiNbOs3 as
shown in (9), when there are electric fields applied in x, y, and z-directions.

1 1 1
X —=—-r.E +r.E |+ V| —=+r.E +r.E |+2°| —+nr,E
PERER R Yy ng by, T 3L, PR (9)

0 e

21 E vz + 21y E xz = 2y E xy =1

If the electric fields in [1] are applied in only the x and y-directions, we can further reduce the
index ellipsoid equation by assigning the electric field in the z-direction to 0, propagation in the z-
direction, and considering the equation only in the xy-plane.

X2 {nlz—rzzEyJ-t-yz (nlz+rzzEy]—2rzzExxy:1 (10)

0 0

The cross term in (10) indicates there is a rotation of principle axes of the system around the
z-axis. As a coordinate transformation, we can assume that the axes are rotated clockwise by an
angle 6 around the z-axis and define new principle axes, x', ', and z' as given in (11) and (12).

x=x'cos(0) - y'sin(6) (11)

y=x'sin(6)+ y'cos(6) (12)

Using (10), (11) and (12), we can write the index ellipsoid in the x’, y’, and z’ coordinates as
given in (13).
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x” l:cos2 9[;2 - rzzEv] +sin’ ﬁ(nlz + rzzE}_] —-n,E, sin(20)}

o

" {sinz 9[12 - rzzE‘} +cos’ 9[12 + rzzEyJ +1,E, sin(ZH)} (13)
n : n,

o

+x'y'[—2r22Ex cos(20) +2n,E, sin(29)] =1

We can make the coefficient of the cross term in (13) equal to 0 when 8 value satisfies eqn.
(14). Then we can form the relation given in (14) between the rotation of the principle axes and
the applied electric fields.

cos(26)
sin(26)

E,
"L (14)

Since the electric fields are applied in quadrature, we can express the electric fields in x and y
directions as in (15) and (16).

E. =E;sin(w,t) (15)
Ey =E,cos(a,t) (1 6)

where w, is the frequency of the applied sine wave. Using (14), (15) and (16), we find that the rotation angle of the
slow and fast axes of the wave plate can be expressed as a function of time as shown in (17).

w,t
0= (17)

We can also find the refractive index changes in slow and fast axes of the wave plate using

(13).

mory, (E, sin(20)+ E, cos(20))

n=ny+ : (18)
A nry, (EX sin(292) +E, cos(26’)) (19)

We find that the index difference, An, between the slow and fast axes of the wave plate is
independent of time as given in (20).

3

An=n,—n, = %0"22 (2E,cos(20 - w,t)) = nr,, E, (20)

The fast and slow axes of the wave plate are rotating with a frequency of w+/2 and by choosing
the length of the device as A/(2no’r22E0), a rotating half-wave plate was formed in LiNbO3 electro-
optically. Since the rotation frequency of the wave plate is half of the frequency of the driving
electric fields, the magnitude of frequency shift is expected to be wa.

Il.1l.c. Electro-optical Wave Plates in LiINbO3

It is useful to analyze the individual effects of electric fields applied from x and y-directions in
LiNbOs. We can write the index ellipsoid of an x-cut z-propagating LiNbO3 device as in (21) when
the electric field is applied in the y-direction.
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x[;_g} v [:* rE] L (21)

From (22) and (23), we find the refractive indices of the slow and fast axes of the wave plate
as in (23).

3
n
—~ o
n =n, + —2 E

¥y

(22)

3

n,:no—n—z”rzzEy (23)

¥

The slow and fast axes are on x and y-axes of the system, thus, it suggests that applying an
electric field in the y-direction forms a wave plate with slow axis at an angle of 0° to the x-axis.
Using (22) and (23), we find the index difference between fast and slow axes as in (24).

An=n_— n,= ngrzzEy (24)

When the electric field is applied in the x-direction, we can write the index ellipsoid as in (25).

x° [IZJ-t-yz [IZJ—ZrzzExxy =1 (25)
n, n

The cross term, xy, in (25) suggests that we can rotate the principal axes counter-clockwise by
45° with the coordinate transformation given in (26) and (27).

_X-y
r- 222 (26)
X'+
. 27)

Then, we rewrite the index ellipsoid equation in the new coordinates as in (28).
2 1 12 1
X [nz—rzzExj+y [nz+r22Ex] =1 (28)

From (28), we find the refractive indices of slow and fast axes of the wave plate as in (29) and
(30).

3
n

n,=n,+-—=r,E
’ 2

X

(29)

3

n

~ ——2
n,=n E

¥ o 2 X

(30)

The slow and fast axes are on x’ and y -axes of the system, which have a 45° angle with respect
to the xy-plane of the system. Thus applying an electric field in the x-direction forms a wave plate
with slow axis at a 45° angle to the x-axis. Using (29) and (30), we find the index difference
between the slow and fast axes as in (31).
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An=n,—n,= nory,E, (31)

Thus, forming wave plates with 45° and 0° angle to the x-axis and modulating refractive indices
of the slow and fast axes of those wave plates by in quadrature electric fields forms a rotating half-
wave plate in LINbO3s. The same principle can also be applied to a semiconductor material platform

with 43 m crystal symmetry if wave plates with 45° and 0° angle can be formed using Pockels effect
and modulated in the same way as in the LiNbOs case.

Input
Qutput

20l0g10(|E|) (dB)

-4f, -2f 0 2 af,

d d

Frequency (MHz) f-f,
Figure 2 Simulation result of the spectrum of input and output light after the LiNbO3 device showing an increase
in carrier frequency after the rotating wave plate.

Figure 8 shows the result of the simulation of the spectrum of the input and output light wave
for the LiNbOs rotating half-wave plate frequency shifter device. The single tone input light
propagates through the rotating half waveplate mentioned in II.1.a.and II.1.b and the output light
frequency is shifted by the modulation frequency fz of the applied electric fields, which is 200
MHz in the simulation. The result shows that the frequency of the output wave is 200 MHz
upshifted compared to the input wave and there are no side-bands. White Gaussian noise at the
noise level of -80 dBm is added onto the signal.

11.1.d. Electro-optical Wave Plates in Semiconductors with 43m Crystal Symmetry
This section presents a theoretical analysis of frequency shifter using semiconductors with 43

m crystal symmetry. The electro-optic tensor for materials with 43 m crystal symmetry is
represented by the 6x3 matrix given in (32).

[0 0 0
0 0 0
0 0 0 E,
a(5)- 5 (32)
n ry, 0 0 ’
EZ
0 rn, O
L0 0

The crystal directions [100], [010] and [001] are represented as x, y, and z coordinates
respectively. To form wave plates with 0° and 45° angle, we suggest cleaving the waveguide facet
with a 45° angle on a wafer with a surface normal direction of [001] and the waveguide direction
is chose as the [110] direction. The [110], [110], and [001] directions are represented as x', " and z’
directions. The waveguide facet lies in xz’ -plane and the waveguide propagation direction is y'.
In the new crystal orientation, we can write the electro-optic tensor in an updated coordinate system
as in (33).
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0 0 r
0o 0 -
1 0 0 (r;l Ee
A(—Zj: E, (33)
n 0 -r, O
E
ry, O 0
0o 0 0|

Then, we write the index ellipsoid equation as in (34).
1 1 1
x?| =+rE. |+y*| = -rE. |+z°| =
[né ! ) ’ [ ! ] U (34)
“2r,E,y'z'+ 2r, E x'z'=1

We first consider the case where the electric field is applied in the z’ direction. Since the
waveguide facet is on the x'z’ plane, we can reduce the index ellipsoid to (35).

x'2(12+r41E2,]+z'2[12J=1 (35)
n, ny

Using (35), we find the refractive indices of the slow and fast axis of the wave plate formed in
the crystal as in (36) and (37).

n. ® _n?OrME;' (36)
n.~n, (37)

Since the slow and fast axes coincide with x’z' plane, we can conclude that applying an electric
field in the z’ direction creates a wave plate with 0° angle to the system axes. We find the index
difference between slow and fast axes as in (38). Note that in contrast with the LiNbOs3 case, this
waveplate has half of the index change, and is not a differential modulation in both axes. This will
be important as it contributes an additional phase chirp.

3

An=n_—n, :nEOrA”E__, (38)

Second, we consider the case where the electric field is applied in the x' direction. Again, the
waveguide facet is on the x’z' plane and we can reduce the index ellipsoid to (39).

x"? [lzj+z'2 [12]+2r41Ex,x'z'—1 (39)

ny n,

We can rotate the principal axes counter-clockwise by 45° around the y' axis and eliminate the
cross term in (39) with the coordinate transformation in (40) and (41).

w= X (40)
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,_x"t+z"
22 (41)

We rewrite the index ellipsoid in the new coordinates as in (42).

x" [12+}’41EX.]+Z"2 [lz—rMEx,] =1 (42)
n, n,

0 0

Then, we find the refractive indices of the slow and fast axis of the wave plate formed in the
crystal as in (43) and (44).

na=n, _%F41Ex' (43)
3
M=y 4y (44)

We can conclude that applying an electric field in the x' forms a wave plate with 45° angle to
the x'z' plane. We also find the index difference between fast and slow axis as in (45) using (43).

An=n_,—-n.=nr,E. (45)

To apply an electric field in x" and z' directions to a waveguide in a semiconductor material
with p-n or p-i-n junctions, we propose two types of segments in the device. Figure 3(a) shows
that Segment 1 has a vertical junction to apply an electric field in the z' direction and Figure 3 (b)
shows that Segment 2 has a lateral junction to apply an electric field in x'. To fabricate this device
from a single type of wafer stack in the form of a vertical p-i-n junction as described in Table 1,
selective ion implantation can be used to form the lateral p-n junction segments.

If the segments are stacked in a sufficient number of pairs in an alternating fashion as shown
in Figure 3 (c), a good approximation to an endlessly rotating wave plate can be achieved. When
the lengths of each segment are adjusted to give a total phase retardation of m, a half-wave plate
can be formed.

W=2 pm Z'[001] W=2 pm

x'[110]
H=26 pm y'[110] n- InGahAspP
v,

' Au

n-InGaAs

(@) (b}

Half-wa \reilate

Half-waveplate divided into 2xN segments (N segment pairs)

2B ey ooy ooy ey

(e}

Figure 3 Device cross section view. (a) Segment 1 with a vertical p-i-n junction to form a wave plate with a 0°
angle to the x' axis. (b) Segment 2 with a lateral p-n junction to form a wave plate with 45° angle to the
x' axis. (c) Top view of the segments when they are stacked in an alternating order to give a total phase
shift equivalent to a half-wave plate.

TABLE | wafer Stack Description used in this Study

Height  Doping

(pm)  (em’)

p- InGaAs 0.53 047 1 0 0.1 2E+18

Layer Material In Ga As P
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TABLE 1 Wafer Stack Description used in this Study (continued)
contact

p-clad InP 1 0 0 1 1 SE+17

p-clad InP 1 0 1 1 1E+17
WG InGaAsP  0.81 0.19 0.4 0.6 0.5 UID
i-clad InP 1 0 0 1 0.3 UID

n-clad InP 1 0 0 1 0.7 1E+17

n-clad InP 1 0 0 1 1 SE+17
- InGaAs 0.53 0.47 1 0 0.1 1E+18

contact

II.1e. Simulation Results and Discussion
II.1.e.i. Analysis of the System using Jones Calculus

The system with N pairs of wave plates is investigated using Jones matrix calculus to determine
the optimum number of segments. The Jones matrices for segment 1 and segment 2 can be found
using the general equation for a wave plate with slow axis index of ns, fast axis index of ny, with a
length of L, and with an angle y to the principle axes of the system given in (46).

—iny ZT”L

Eaul e 0 Eiu

e v 46

[E;u,} R(-p) o R(V/){Ei’,’} (46)
e L

The rotation matrix R(vy) is for rotating the slow and fast axis of the wave plates to the principle
axes of the system and it is given by (47).

| cos(y) sin(y)
R(W){—Sin(w COS(V/)} (1)

To have the total phase shift of a half-wave plate after N pairs of segments, each segment is
designed to have a phase retardation of n/N. The refractive index change of the slow axis and fast
axis of the wave plate formed in segment 1 and segment 2 due to Pockels effect was found in (38)
and (45). All segment 1s are driven with the cosine fields, and all segment 2s are drive with the
sine fields. If in quadrature electric fields are applied to those segments, the phase retardation of
segments is given in (48) and (49).

3
r, = %”AnlL1 = %%r41EZ,(z)L1 = %nngEl cos(@yt)L, )
T

= Ncos(a}dt)

r,= 2—”An2L2 = Engr“Ex,(t)Lz = 2ln3r4|E2 sin(a,1)L,
A A A (49)
V2

= Nsm(wdt)

The Jones matrices for segment 1 and segment 2 are also given in (50)
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3
n z
p {
—i| ny— > r,“EI‘J L

Seg, = R(0°)| © R(0%)
*’I"nzlLl
0 e (50)
:e’i"OZT”LI eiﬁcos(m(,[) 0
0 1
e’{”n’%rﬂEWJ%Lz
Seg, = R(-45") X R(45°)
7i[11‘,+n70r4‘EY-]zle
O e 2 A
(51)
cos Lsin(a} t) | isin Lsin(w 1)
- aN aN
.. T . VA
i1sin| —sin(w,t CcoS| —sin( w,t
(o) | eos Sipsinoun)
The output Jones vector of the system can be written by
N
Output = l:Se‘g2 Segl} Input (52)

The output polarization vectors were calculated with respect to one modulation period using
MATLAB and plots were generated. The polarization of the output over one modulation period is
shown on the Poincare sphere for different numbers of segment pairs in Figure 4. Here, the analysis
assumes LHCP as the input polarization to the system. In this case, the output polarization for an
ideal rotating half-wave plate should be RHCP. Figure 4 shows that the output polarization is
varying in one modulation period and the approximation to a half-wave plate gets better with the
increasing number of segment pairs. We estimate the power loss due to the polarization mismatch
by calculating the polarization loss factor (PLF) which is the dot product of Jones vectors of the
target polarization and the time varying output polarization vector as given in (53).
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(c) - (d)
Figure 4 Input and output polarizations on the Poincare sphere after (a) N=1 segment pairs (b) N=3 segment pairs
(c) N=5 segment pairs (d) N=10 segment pairs.

PLF = RHCP - Output\2

(53)
Pross=—10logy, ( PLF)

Figure 5 shows the maximum power loss in time as a function of segment pairs.
0.8 1 1 L

<
»
L

o
[\V]
1

Maximum Power Loss [dB]
o
is

o

4 6 8 10
Number of Segment Pairs

Figure 5 Power loss due to polarization mismatch as a function of the number of segment pairs in the device.

To have the minimum polarization mismatch loss and high side band suppression with the least
number of segment pairs, we have 7 segment pairs in the system. The maximum power loss due
to polarization mismatch is 0.055 dB for 7 segment pairs.

I1.1.e.ii. Reduction of the Phase Wobble with Compensation Stages

In (36), we can see that the refractive indices on the principle axes of the wave plate formed in
segment 1 can be modulated in only one of the axes. However, in the LiNbOs frequency shifter
device, the index modulation is present on both of the orthogonal axes as in (22), (23), (29) and
(30). Since the waveplate formed in segment 1 is not a differential wave plate, there is a phase
wobble in the total phase shift after N pairs of segments. To address the wobbling issue, we design
the following structure. Figure 6 and Figure 7 show the 3D view and top view of all the segments
in the device design respectively. The first compensation stage is a quarter wave plate (QWP) with

|V ]
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an angle of 45°. This stage can be put into the stack by making a lateral junction device with the
same structure as segment 2 and applying a DC voltage. The second additional stage is a variable
delay wave plate with an angle of 0° to the x’ axes, which the index modulation is out of phase
with the index modulation of the segment 1. After N segment pairs, the LHCP light is converted
to a RHCP light, since N segment pairs approximate a half-wave plate. The quarter wave plate
(QWP) converts the RHCP light into linear polarized (LP) light along x" axis (LPx’). After that, the
variable delay wave plate cancels out the accumulated effect from all segment 1s.

p - InP (ion implantation)
Stage 1 B 1 - InP (ion implantation
Au contacts

B p-inGaAs
:;;?.:;:{1 I -inGaAs
(WP@0")& M p-InP (ion implantation)
:\?Pn@ﬁ;tf I n-InP (ion implantation)
I WG (i-InGaAsP)
B i-inP

|

7 pairs of Stage 1 Stage 2
Segment 1 (WP@0° ) & Segment 2 (WP@45°)  QWP@45°WP@0°

Figure 7 The top view schematic of the device showing all the segments and the compensation stages. After the
7 segment pairs, there are two compensation stages. Stage 1 is a static quarter wave plate (QWP) with an
angle of 45° to the x' axis. Stage 2 is a wave plate with an angle 0° to the x' axis which is modulated out
of phase with respect to segment 1.

Figure 8 shows the effect of compensation stages on the phase accumulation at the output. As
shown in Figure 8 (a), the phase accumulation is not linear in time as it would be expected from a
single-side frequency shifting system, but there is an oscillation or phase wobble. To reduce this
effect, two compensation stages are inserted after N pairs of segments. Figure 8 (b) shows the
phase accumulation at the output with the additional stages of a stationary quarter wave plate and
variable delay wave plate added to the system. The phase accumulation is linear in time and there
is no phase wobble.
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Figure 8(a) Phase shift of the device after N pairs of segments and without additional stages (b) Phase shift of the
device after N pairs of segments and with the additional stages.

Figure 9 shows the spectrum analysis of the input and output electric field for 7 segment pairs.
The side band suppression is more than 40 dB and the difference between the maximum peaks is
only 0.027 dB. The frequency of the driving voltage is chosen as 200 MHz in this case and the
frequency is upshifted by the frequency of the driving voltage. There are side bands at fo-3fs and

fo+5fd. The noise level is at -80 dBml.
04
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Figure 9 Spectrum of the input and output light after 7 segment pairs and additional stages.

Figure 10 shows the side band suppression as a function of the number of segment pairs.

I1.1.e.iii. Optical Mode Profile and Electric Field Profile

Figure 11 (a) and (c) show the simulated optical mode profile of the vertical and horizontal p-
n junction devices respectively. The waveguides are designed to give mode match between
segments and also to minimize the modal birefringence between the TE and TM modes. We
calculate that the mode overlap integral between the optical modes of two segments is 0.9945,
which results in 0.024 dB insertion loss for the transition between segments. The system has 16
junctions where segment 1 and segment 2 join with one another, which gives a total mode
mismatch loss of 0.38 dB. Figure 11 (b) and (d) show the electric field profile of the vertical and
horizontal p-n junction devices respectively when they are reverse biased with an applied 3 V and
2 V DC voltage. The electric field profile was simulated by solving the Laplace equation for the
device. We calculate the electro-optic overlap factor by calculating the overlap integral given in
(54). The electric field profiles in x" and z' directions are denoted by Ex and Ez respectively. The
optical field is denoted by Eopt.
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Figure 10 Side band suppression as a function of the number of segment pairs in the device.

[ CREED AR
I = 4rea . (54)
.”. Eupf(x,’z')| dx'dz'

Using the electro-optic overlap factor we calculate the DC Vz-L product for each segment using
(59).

o

voL=—"

z - 3
norétlr

(55)

We find the DC Vz-L product as 1.03 V-:cm and 1.42 V-cm for segment 1 and segment 2
respectively. In the LiNbOs3 frequency shifter device demonstrated in [1] the Va-L products were
26 V-cm and 31 V-cm for horizontal and vertical fields respectively. In the AlGaAs/GaAs based
frequency shifter demonstrated in [2], the Vz-L products were 3.33 V-cm and 4.33 V-cm for
horizontal and vertical electric fields respectively

Electric Field Profile (V/um) Optical Mode Profile @ 7=1.55 um

Oplical Mode Profile @ »=1.55 um

1
5

08
4

0.6
3
2 04
1 0z
1] 0

-4 -2 0 2 4

X (um)
(d)

Figure 11(a) Static electric field profile of segment 1 with applied voltage of 3 V. (b) Optical mode profile of
segment 1 at A = 1.55 um wavelength (c) Static electric field profile of segment 2 with applied voltage
of 2 V. (d) Optical mode profile of segment 2 at A = 1.55 um wavelength.
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The effective electric fields due to the overlap integral of the electric field profile and optical
mode profile for segment 1 and segment 2 are 5.2x10° V/m and 3.1x10° V/m, respectively. Using
this, we find the applied voltages to the device to achieve frequency shifting as shown in (56).

Vi(t)=Vyey +Voycos(@,t) =V, +3cos(,1)

Vies + Vi sin(@,t) =V, + 2sin(w,r)

V,(t
5 (56)

()=
() =Vpes =2V
Vo (t)=Vyes + Vo cos(@,t) =V, —3cos(aw,r)

The DC voltages represented as Vpc ensure that the junctions are in reverse bias at all times.
So we assume that they are larger than 6 V. We find that the lengths of the segments as L; = 851
um, L> =716 um, L3=2.51 mm, Ls= 2.98 mm. The total length of the device is 16.46 mm. One
thing we should notice is that the DC voltage will have an additional static waveplate
transformation. We would need to introduce intentional modal birefringence in the waveguide
design to compensate for the electro-optical birefringence induced by the DC voltages.
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I1.2. Frequency shift, polarization conversion and optical isolation experiment
11.2.a. Polarization Conversion Experiment

The LiNbO3 device orientation is X-cut Z-propagation waveguide, where the z-axis is the
optical axis and the plane perpendicular to the z-axis is isotropic. The birefringence between
vertical and horizontal polarized light can be minimized in this way. The insertion loss of the

device is about 4 dB. The facet edge of the device is not perpendicular (8.77) to the other edges to

reduce the reflection.

Figure 12 shows the device structure. The waveguide region are diffused with ZnO (ZnO-
LiNbO3) to change the refractive index and confine the light. There are three electrical traces (A
B and C). The trace B is right on top of the ZnO-LiNbO3 waveguide and trace C and A are to the
left and right of the waveguide respectively. By applying common voltage trace A and C and
making B the ground, we will generate a vertical field in the waveguide region; similarly, applying
a differential field on A and C will provide a horizontal field. Given that the device is X-cut Z-
propagate, the voltage configuration determines what electro-optic coefficients will be used.

Optical Input LiNbO, i
—~~

L |

N2 Channel |
B - ngegi.lide :
C/ I~
B A Frequency
Shifted
Output

Figure 12 LiNbOs based frequency shifter device. The three electrical traces run on top (trace B) and to the left
and right of the LiNbO3; waveguide (trace C and A). The vertical and horizontal electrical fields can be
provided using the three electrical traces.

To characterize the electro-optic effect of the device, we conduct the polarization conversion
experiment in the first place. Figure 13(a) shows the experiment setup where we send the light
from a 780 nm external cavity laser (ECL) to the device and there is a polarization controller (PC)
to adjust the input polarization. A polarization beam splitter (PBS) splits the two different
polarizations to be detected by two power meters. We first make sure that all the input is TE-
polarized. Then we apply the same voltage on trace A and C and make trace B the ground. In this
case the fast and slow axes will be 45 degrees from the X and Y axes. We measure the voltage
needed to imitate a half wave-plate in the DC scenario. Figure 13(b) shows that the voltage needed
for to emulate a half wave-plate is 18 V. Figure 13(c) shows the chip is wire-bonded to the PCB
that provides the driving signals. For the DC signal it will see open circuit. However, RF signal
coming in from the input side will be terminated by the AC-coupled termination at 50 ohms on the
output side.
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Figure 13 Polarization conversion by applying DC voltage. (a) Experiment diagram. ECL: external cavity laser;
PC: polarization controller; PBS: polarization beam splitter. (b) Power on TE and TM polarization
vs. voltage measured by power meter 1 and power meter 2. (c) Electrode on chip wire-bonded to PCB.
When we apply DC voltage, we apply the same voltage on A and C and ground B so that a vertical
electrical field is built up in the waveguide region. The electrical traces work in traveling wave mode.

11.2.b. Frequency Shifting Experiments

In the RF scenario, the amplitude of the vertical field equals the horizontal field. However, the
amplitude ratio of the applied voltage would not remain one due to the difference in electrode
distance, the interaction with the optical field, etc. We could adjust the amplitude ratio of the

electrical field simply by tuning the phase delay between the signals applied on left and right
electrodes.

Assume that the voltage on the left and right electrode is V; and V7,
V, =V sin(wt)+V, cos(wt)
V.=V sin(wt)-V, cos(wt)
where Vesin(wt) is the common voltage that creates the vertical field, and Vacos(wt) is the

differential voltage that builds up the horizontal field. We can combine the two terms into one
sinusoidal wave with a phase term ¢,

V, =V} +V, sin(ewt + @)
V.=V.}+V, sin(ot — @)

where
@ =arctan(V, / V)
The phase delay between the two signals is 2¢ and the two signals have equal amplitude. We

only need to adjust the phase delay of the two signals to change the ratio of the vertical and
horizontal fields and maintain their same amplitude.
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Figure 14 RF measurement. (a) Experiment diagram. AOM: acoustic optical modulator. (b) Integrated chip with

PCB driving circuit. (c-d) Frequency down/up conversion at 100 MHz. (e-f) Frequency down/up
conversion at 2 GHz.

We use the heterodyne detection to see DC tone, up and down conversion frequency tones
simultaneously. An acoustic optical modulator on the reference arm shifts the DC tone to 200
MHz in Figure 14 (a), and on the signal arm, the light co-propagate with the electrical field in the
device and therefore is modulated to a new frequency at the output. The synthesizer feeds
two RF amplifiers that increase the power to 30 dBm to modulate the light. A phase shifter
adjusts the phase delay between the two electrical signals. The phase delay is critical because it
corresponds to the amplitude of the electrical field in the vertical and horizontal direction. The
RF spectrum analyzer presents the intensity of the spectrum. It will fold the "negative"
frequency to the "positive", so in the case where we modulate at 2 GHz, will we see that the -1st
order tone at -1.8 GHz is folded to +1.8 GHz and +1st order tone still stays at 2.2 GHz.
Figure 14 (b) shows integrated LiNbO3 device wire-bonded with PCB and interfaced with a
pair of polarization maintaining (PM) fibers. Figure 14 (c-d) shows frequency down/up
conversion at 100 MHz. The DC tone for the down conversion is suppressed at 23 dB below the
major -1st order tone for the down conversion and the -1st tone and DC tone are suppressed more
than 15 dB below the major +1st order frequency tone for the up conversion. Figure 14 (e-f)

shows frequency down/up conversion at 2 GHz. In both up/down conversion we achieve
extinction ratio better than 20 dB.
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I1.2.c. Optical isolation experiment
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Figure 15 Optical isolation experimental diagram.

Figure 15 shows the diagram for optical isolation characterization. The laser is split onto
reference arm and signal arm by a 50/50 splitter. The light on the reference arm is shifted by the
AOM by 200 MHz. The light on the signal arm first go through a 50/50 splitter used as an optical
circulator. Then it goes through a PBS to make sure only TE polarization light goes through. The
PC3 and the PM fiber input imitates a QWP and make sure that the input into the LiNbO3 chip is
a circularly polarized light. The 2 GHz electrical sinusoidal in-phase and quadrature phase signals
drive and co-propagate with the lightwave to yield frequency shift and polarization conversion at
the output of the chip. The PM fiber, 50/50 splitter and PC4 imitates a QWP to convert the
circularly polarized light at the output to a linear polarized light. The PC3 and PC1 is optimized
such that the light right after PC4 beats with the reference and generates the single tone frequency
shift. Then we adjusts PC4 to align the output to the linear polarizer. At S(3) the signal mixes with
the reference and we verify it is still a single tone frequency generation. We present the forward
transmission results in Figure 16.
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Figure 16 Single frequency tone conversion, forward transmission.
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Figure 17 Optical isolation, backward transmission.
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In Figure 17 we generate an equivalent light of frequency shifter output and send light
backward while we are modulating the chip in the forward configuration. The light after backward
transmission has two parts: polarization converted part (fi1, f2) and polarization unconverted part
(fo). However, the unconverted part fo will be blocked by the polarizer, fi and f> will go through
polarizer. And we can determine the isolation suppression by measuring the polarization converted
light and original reflected light by adjusting PC on the reference arm (PC1).

’E‘_40 N R SN SRR U _ 40" Polarization converted
250} . .Unconverted light (f) ... C%'SO light (fand f):

~ |t power-40dBm oo S | -60dBmand-64dBm
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Figure 18 Backward transmission results.

The fo is the unconverted frequency component while we transmit light backward. Because the
modulation signal no longer co-propagate with the optical lightwave, the modulation would not be
applied onto the optical waves. Figure 18 shows that the unconverted part fo is -40dBm and remains
the same frequency and polarization as the output. The unconverted component will be isolated by
the polarizer on the input side. On the right figure, the converted power at f1 and f2 is -60 dBm and
-64 dBm for the -1st and +1st order frequency tone. The isolation is 18.5 dB comparing the
unconverted tone fo and converted f1 and f2.

11.2.d. Theory and experiment on using larger electro-optical coefficient (rs3 and rs)

For the current chip under testing we are using the smallest electro-optical coefficient in the
lithium niobate chip. This choice requires a very large RF power or a very long waveguide to
realize the function of a half wave plate. We came up with a new orientation and found that we
could use larger coefficients for the frequency shifting application. Instead of using an x-cut
LiNbOs device and z propagation, we propose to use an x cut device in y propagation.

(a) Optical A

( -LiTaO
Input O 4 ZnQO-LiTa0z

LiTaO3 waveguide

: “~=/ Frequency
o / % / .y
electrodes // dv, Shifted
. Output

Ve+Vd GND  Ve-vd

[ LiNbO:
M ZnO-LiNbO: 7
| Esio2 L arenss

Figure 19 (a) Device schematic. (b) Device cross-section and rotation of index ellipsoid for the X-cut, Y-
propagating LiTaO3 device with applied common and differential voltages to the electrodes.

When E; and E) fields are present, we have the ellipsoid equation as
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1 1
X2 (_2 + T13EZ> + Z2 (_2 + T33EZ> + 2T42ExXZ - 1
nO nD

Let us assume the axis rotate along y axis by 8 degree

x = x' cos(8) — z' sin(0)
y=y
z = x'sin(0) + z'cos(6)

We plug in the new axis into the ellipsoid equation and get

1 1
x'? (0052 ] (—2 + r13EZ> + sin? 9 <—2 + r33EZ) + sin29r42Ex)
nO ne
. 1 1 .
+z'? (sm2 ] (—2 + r13EZ> + cos? 0 (—2 + r33EZ> — sm29r42Ex)
nO ne

1 1
+x'z’' (—sin29 <F + r13EZ> + sin26 (ﬁ + r33EZ> + 005202r42Ex> =1
o e
We want to make the cross term equal to zero.
1 1
(—sinZG <F + r13EZ) + sin260 (F + r33EZ> + 005202r42Ex) =0
o e

Note that we make a big assumption here that we are able to eliminate the birefringence
between 1, and ne. Therefore we have
sin 20 (r33 — 113)E, + cos 260 2r,,E, = 0
E, 214, COS 20

Ex N (T13 - 1'33)Sln29

For the same device length, the voltage needed to achieve a half wave plate is reduced by 2.85
times by utilizing much larger electro-optical coefficients 733 and r4..
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Figure 20(a) TE - TM conversion by applying DC voltage. (b) Spectrum for phase modulation from a sinusoidal
driving signal at 20dBm. (c) Measured and theory relative sideband power vs. phase modulation power.

Figure 20(a) shows the characterization of the polarization conversion by applying a
differential voltage to the two outer electrodes, creating a lateral field to change the birefringence.

The input light is linearly polarized, 45° to both X- and Z- axes and the power on transverse electric

(TE) and transverse magnetic (TM) polarizations is monitored. The voltage to convert the TE to
TM is 10 V. Figure 20(b) shows the phase modulation spectrum by using heterodyne detection
with an acoustic optical modulator (AOM) at 200 MHz when the RF driving signal is a 100 MHz,
20 dBm sinusoidal wave. We apply the RF signal on the Z axis and launch a linearly polarized
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input light with field parallel to the Z axis. Figure 20(c) shows the measurement of the power
difference between DC at 200 MHz and first order tone at 300 MHz when RF driving power varies
from 10 - 20 dBm (blue cross). For comparison, Figure 20(c) also shows the theory curve of
relative first-order sideband power vs. (Vp-p/V=) 2 (dashed red) on a typical phase modulator. The

output of a phase modulator is exp[jVp-p/(2Vw)sin(wO0t)]. When the signal power is 20 dBm or
6.3 V peak to peak for sine wave with 50 Q load resistance, our measurement shows the same

relative sideband power (-7.3 dB) when 201og10(Vp-p/Vw) = -6 dB, or Vp-p= 0.5 Vx. Therefore, the
Vrfor the device as a phase modulator is 12.6 V at 100 MHz for an RF signal on the lateral/Z axis.
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Figure 21(a) Experimental diagram using heterodyne detection. (b) 100 MHz up-conversion, 20 dB side lobe
suppression. (¢) 100 MHz down-conversion, 14 dB side lobe suppression.

Figure 21(a) shows the experimental setup that employs heterodyne detection to resolve DC,
down conversion and up conversion frequency tones. This setup involves an external cavity laser
(ECL) at 780 nm wavelength and an AOM on the reference arm that shifts the optical frequency
to 200 MHz. On the signal arm, the device converts the input light to a circular polarization with
a polarization controller (PC), a polarizer and a quarter wave plate (QWP). We use a synthesizer,
a power splitter, and two RF amplifiers to generate, split and amplify a 100 MHz sinusoidal wave.
By adjusting the phase delay between two electrical signals, the phase shifter controls the power
ratio between the vertical and lateral field to fulfill the certain ratio. We mix the reference and
signal in a 50/50 splitter and receive the beat with a photo-diode and display the frequency
information on an RF spectrum analyzer (RSA). The PC on the reference arm aims to align the
reference polarization with the signal polarization.

The down-conversion tone in Figure 21(b) shows up at 100 MHz, and the side lobe suppression
is 20 dB with -12 dB conversion efficiency (CE). Figure 21(c) shows the up-conversion, and the
frequency tone is at 300 MHz with a suppression of 14 dB and -13 dB CE. 40 V DC voltage across
the lateral/Z axis is applied to null the intrinsic birefringence. The RF power on each arm is 20
dBm, making it a total of 23 dBm RF power consumption. It isa 10 dB improvement compared to
33dBm RF power in [3]. The power consumption is determined by a few factors. 1) Device active
length affects the modulation length. 2) Operation wavelength determines how fast the phase
changes. 3) Electrode gap/ electrode design impacts the overlap integral between the electrical
field and the optical field. 4) Modulation frequency affects the RF loss and how much electrical
power can interact with optical light. 5) Material decides the strength of the electro-optical
coefficients for the modulation to utilize. The material also determines the intrinsic birefringence
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and how much DC bias voltage is needed to null it. It is possible to obtain zero birefringence by
adjusting Nb/Ta ratio in the LiNbi.xTaxO3 material.

I1.3. 780 nm Laser design, fabrication, and testing based on AlGaAs/GaAs Multiple
Quantum Wells (MQWs) wafer stack

Based on an AlGaAs/GaAs MQWs wafer stack shown in Table 2 below, we are able to design
an all-active (instead of active-passive) ring cavity laser with Multimode Interference (MMI)
coupler lasing at 780 nm wavelength. This is an initial demonstration of the capability for 780 nm
laser and a testing run based on low resolution contact aligner tool. In the next version of ring
cavity laser, we plan to use new active-passive wafer stack, direct wafer bonding technology, and
high resolution projection lithography tool (stepper). The reason of using MMI coupler for the low
resolution run, is the limitation of minimum feature size of contact lithography tool of 1 pum, which
is far beyond directional coupler working range for the design on the existing wafer stack at 780
nm wavelength.

Table 2 5-QW wafer stack with PL wavelength at 780 nm.

780 nm laser wafer stack PL wavelength 763 nm

+ doped cap GaAs 160nm -type 5.00E+19 |Zn
Linearly Graded Region GaAs to AlosGao2As |10 nm type  |l.OOE+18 |C

-doped upper cladding Alo.sGao2As 780 nm -type 1.00E+18 |C
undoped core Alo.4Gao.cAs 20nm UID 0.00E+00 |[UID
QW (1) GaAs 2.8nm  |UID 0.00E+00 |UID
Barrier Alo.4Gao.cAs 7nm UID 0.00E+00 |UID
QW (2) GaAs 2.8nm |UID 0.00E+00 |UID
Barrier Alo4GaosAs 7nm UID 0.00E+00 |UID
QW (3) GaAs 2.8nm  |UID 0.00E+00 |UID
Barrier Alo4GaosAs 7nm uUID 0.00E+00 |UID
QW (4) GaAs 2.8nm  |UID 0.00E+00 |UID
Barrier AloaGaosAs 7nm UID 0.00E+00 |[UID
QW (5) GaAs 2.8nm  |UID 0.00E+00 |UID
undoped core Alo.4Gao.cAs 300nm  |UID 0.00E+00 |UID
n-type lower cladding Alo.sGao2As 1100 nm n-type 1.50E+18 |Si
Linearly Graded Region AlosGao2As to GaAs  [10nm  |n-type  |L.S0E+18 [Si
Buffer Layer Growth GaAs 100nm  pn-type  |[1.S0E+18 |Si

675

n-type substrate GaAs micron  |n-type 1.00E+18 |Si
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11.3.a. Design and Simulation of MMI coupler based on MQWs wafer stack (all-active)

We simulate the band diagrams of the existing MQWs wafer stack shown in Table 2. There
are five quantum wells in this wafer stack. In Figure 22, with applying bias voltage, the Fermi
level for electrons rises into the wells where electrons accumulate and forms stimulated radiation.

Bias Voltage=0V Bias Voltage= 1.7 V (under threshold)
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Figure 22 Band diagrams of GaAs/AlGaAs MQWs laser stack (all-active) with Bias voltage of 0 V, 1.7 V, and
1.75V.

Based on the existing MQWs wafer stack, we simulate MMI couplers at 780 nm wavelength.
As shown in Figure 23, a 1x2 MMI with 50:50 splitting ratio is simulated. The designed dimension
is 10 x 225 pm?, which is limited by the minimum feature size of contact lithography tool, because
the waveguide width and waveguide separation can not shrink down below 1 pm. Therefore, the
width of MMI coupler is scaled up to about 10 um and then 200-650 pm for length. In addition,
we simulated 2x2 MMI couplers with power splitting ration at 50:50 and 80:15, as shown in Figure
24 and Figure 25, respectively.
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Figure 23 Simulated 1x2 MMI coupler based on MQWs wafer stack (all-active) at 780 nm wavelength. The
designed MMI width is 10 um; length is 225 um; two ouput arms are off-set from center by 2.35 um.
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Figure 24 Simulated 2x2 MMI coupler based on MQWs wafer stack (all-active) at 780 nm wavelength. The
designed MMI width is 15 pum; length is 650 um; two ouput arms are off-set from center by 2.5 um;
designed splitting ratio is 50:50.
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Figure 25 Simulated 2x2 MMI coupler based on MQWs wafer stack (all-active) at 780 nm wavelength. The
designed MMI width is 10 um; length is 425 um; two ouput arms are off-set from center by 2.5 um;
designed splitting ratio is 80:15.

We designed ring cavity lasers with simulated MMI couplers. A simple design of ring cavity
laser with MMI coupler is shown in Figure 26. In this design, the MMI coupler has strong
compatibility regarding to fabrication tolerance, but theoretically introduces 3 dB round trip extra
coupling loss. The bending radius is varied from 50 um to 300 um. Waveguide width is 3 um due
to lithography limitation, which has few modes existing instead of single mode.

Figure 26 Design of ring cavity laser with 1x2 MMI coupler
Figure 27 is a ring cavity laser with with 2x2 MMI coupler.

Figure 27 design of ring cavity laser with 2x2 MMI coupler.

To select lasing wavelength, we also designed double-ring cavity with 2x2 MMI couplers, as
shown in Figure 28 and Figure 29. The two cavities have slightly different free spectral range
(FSR). Using Vernier effect, a single lasing wavelength can be selected.
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Figure 28 Design of double-ring cavity laser with 2x2 MMI couplers.

Figure 29 Design of double-ring cavity laser with 2x2 MMI couplers
Figure 30 shows the layout of laser devices. Basically we designed the device with simulated
parameters, and varying each parameter with expectation of performance variation due to low
resolution lithography tool and etching condition.
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Figure 30 Layout of designed ring cavity laser with MMI couplers.

11.3.b. Fabrication of Ring cavity laser with MMI couplers

We fabricated all-active ring cavity laser using MQWs wafer in Table 2. We start with initial
wafer cleaning. Lithography tool we used is Karl Suss contact aligner. We define the waveguide
by Clo/BCls dry etching in an ICP chamber. The waveguide core is fully etched. Afterwards, 150
nm PECVD SiO2 deposit on etched waveguide as isolation layer. Then we use coat BCB to
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plainarize the wafer, followed by CF4/O2 RIE dry etching until the exposure of waveguide top
surface. BOE release for 1 min helps to remove the isolation layer above P-contact area. Finally,
we do Pt/Ti/Pt/Au metal contact evaporation, lift-off, and rapid thermal annealing at 380 °C for 30
seconds. Figure 32 shows the photos of double-ring cavity laser.

(d)
S S

B GaAs M Al,,Ga,As [] Photoresist [ BCB
M Al .Ga,,As [ MQWs ] sio, ] PYTi/PYAu

Figure 31 Fabrication flow chart (a) initial MQWSs wafer and cleaning; (b) Photo lithography; (c) Cl/BCl; ICP
dry etching; (d) PECVD SiO; deposition; (¢) BCB spinning; (f) CF4/O, RIE dry etching; (g) BOE release
SiOz; (h) P-contact and N-contact metal lift-off.

% i | ol

Figure 32 Device photos of double-ring cavity laser with MMI couplers.

I1.3.c. Testing results of ring cavity laser

Figure 33 and Figure 34 are the I-V curve and IdV/dI-I curve of ring cavity laser. Figure
35 and Figure 36 are spectrum and L-I curve of ring cavity laser. The driving current is in CW
mode. The measured device is in a ring cavity with a 1x2 MMI coupler. The bending radius of the
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ring cavity is 100 um. The lasing wavelength is at 787 nm, which is red drift from PL wavelength.
To test the dependence of lasing wavelength, we also tested the ring cavity laser with pulsed
driving current, as shown in Figure 37, where the lasing wavelength 773 nm. Therefore, we expect
an influence on lasing wavelength from heating issue. In addition, we tested straight cavity FP
laser, which we used to calibrate PL wavelength. As a result shown in Figure 38, the lasing
wavelength is matched well with our previous calibration for PL wavelength at 780 nm. All the

pulsed current has 1 % duty cycle and 0.1 ps duration.
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Figure 34 IdV/dI-I curve of ring cavity laser.
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Figure 36 L-I curve of ring cavity laser.
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Figure 37 Spectrum of ring cavity laser with pulsed driving current.
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Figure 38 Spectrum of straight cavity FP laser with pulsed driving current.

I1.4. Design and simulation of active-passive integrated ring cavity laser

In this section, we are going to design AlGaAs MQWs ring cavity laser based on active-passive
integration. There are two designs between AlGaAs platform and AIGaAs/Si3N4 bonding platform.
AlGaAs platform has strong compatibility with active-passive integration, but might introduce
additional propagation loss from passive AlGaAs waveguide due to MQWs removal. AlGaAs
/Si3N4 bonding platform combines AlGaAs MQWs and low loss SisN4 waveguide, but needs to
achieve low loss interconnect between materials with bonding technology.
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Il.4.a. AlGaAs MQW:s design and simulation

Figure 39 indicates the band diagrams of AlGaAs MQWs laser stack for active-passive
integration. The well is Alo.1Gao9As and barrier is Alo3Gao.7As. Well thickness is 7 nm and barrier
thickness is 5 nm. There are 50 nm Alo.3Gao7As SCH layer on both sides of MQWs. Figure 40
and Figure 41 show the simulated PL wavelength and material gain with varying temperature.
Figure 42 is the simulated I-V curve and L-I curve of the proposed AlGaAs MQWs stack based
on a straight cavity FP laser.
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Figure 39 Band diagrams of AlGaAs MQWs laser stack for active-passive integration.
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Figure 40 PL wavelength simulation of the proposed MQWs at 300 K (blue), 400 K (green), 500 K (red).
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Figure 41 Simulated material gain of the proposed MQWs at 300 K (blue), 400 K (green), 500 K (red).
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Figure 42 Simulated I-V and L-I curve based on a straight cavity FP laser.

11.4.b. AlGaAs platform ring cavity laser active-passive integration

Table 3 indicates the wafer stack proposed for AlGaAs active-passive integration. Basically,
the MQWs are Alo.1GaooAs/AlosGaosAs as simulated above. Waveguide core is 450 nm
AlosGao.sAs, which is separated from MQWs by 20 nm Ino.sGao.sP etch-stop layer for active-layer
removal. There is about 1 pum AlosGao.2As p-cladding and n-cladding. The whole wafer stack is
upside down for wafer bonding.
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Table 3 AlGaAs MQWs wafer stack for active-passive integration.

design 2a 780nm AlGaAs laser design with etch stop
780 nm laser design

n-contact GaAs 300nm | n-type| 3.00E+18 n-Si
Linearly Graded Region Al sGag ,As to Alg,GaggAs | 100 nm | n-type| 3.00E+18 n-Si
n-type lower cladding Aly gGag -AS 900nm | n-type| 1.50E+18 n-Si
Linearly Graded Region Aly 5Gag sAs to Alg sGag ,AS 25 nm |n-type| 5.00E+16 n-Si
lightly n-doped core Aly sGag sAs 400nm | n-type| 5.00E+16 n-Si
Linearly Graded core Aly 3Gag 7As to Al sGag sAs 25nm UID | 0.00E+00 uiD
EtchStop Ing 40Gag 5:P 50nm uib 0.00E+00 uib
SCH Alg 3Gag ;AS 50nm uiD 0.00E+00 uiD
QW Al 1Gag oAs 7 nm uibD 0.00E+00 uibD
barrier Aly 3Gag ,As 5nm UlID | 0.00E+00 uiD
Qw Aly ,Gag gAs 7 nm uib 0.00E+00 uib
barrier Aly sGag ;As 5 nm UID | 0.00E+00 uiD
QW Al 1Gag oAs 7 nm uibD 0.00E+00 uib
SCH Alp 3Gag ;As 50nm uiD 0.00E+00 uiD
Linearly Graded Region Al sGag oAs to Alg 3Gag,As | 100nm | p-type| 1.00E+18 p-C
p-doped upper cladding Aly gGag ,AS 900nm | p-type| 1.00E+18 p-C
Linearly Graded Region Alg 1Gag oAs to Aly gGag ,As | 100nm | p-type| 1.00E+18 p-C
p+ doped cap GaAs 160nm | p-type| 2.00E+19 p-Zn
EtchStop INg 49Gag 5,P 200nm | p-type| 1.00E+18 p-Zn
Buffer Layer Growth GaAs 400 nm | n-type | 3.00E+18 p-Zn
n-type substrate GaAs n-type >1E18 n-Si

PL wavelength 763nm for lasing wavelength at 780nm

__ ] = o
Figure 43 (a) device photo of cleaved broad area laser; (b) measurement setup consists of direct probing and
cleaved multimode fiber with 50 um diameter.

We fabricated a broad area laser by using the proposed wafer stack in Table 3. Figure 43 shows
the device and measurement setup under microscope. We used cleaved facet as cavity reflective
mirrors and cleaved multimode fiber with 50 pum diameter to collect light from one facet.
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Figure 44 Optical spectrum of broad area laser based by using AlGaAs bonding wafer stack with varying current
injection level.

Figure 44 illustrates the spectrum of broad area laser by using AlGaAs bonding wafer stack
with varying current injection level from 1.95 to 2.92 kA/cm?. The cavity measured is 20 pm wide
and 1028 pm long. The driving current used is pulsed current with 1 % duty cycle and 0.1 ps
duration. There are more than one lasing peaks shown on spectrum between 770 and 774 nm.

Figure 45 indicates the L-I curve and L-J of a broad area laser with 20 pm width and varying
cavity length of 1028, 1138, 1384, and 1520 um. As shown, threshold current density is about 1.75
kA/cm? for all devices with the same cavity width. In Figure 46, we measured the L-I and L-J
curves of 1028, 1138, 1382, 1540 pum length with varying cavity width. As shown in plots, with
wider cavity, the threshold current density is smaller, which indicates that the propagation loss is
smaller.
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Figure 45 (a) output power collected from broad area laser (both facets) with varying driving current and cavity
length; (b) output power collected from broad area laser (both facets) with varying driving current
density and cavity length.
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Figure 46 (a-d) output power collected from broad area laser (both facets) with varying driving current and
cavity width; (e-h) output power collected from broad area laser (both facets) with varying driving
current density and cavity width.
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Figure 46 (continued) (a-d) output power collected from broad area laser (both facets) with varying driving current and

cavity width; (e-h) output power collected from broad area laser (both facets) with varying driving

current density and cavity width.

As shown in the above plots, double lasing wavelengths show up. We investigate the MQWs
band diagrams and found slightly band discontinuity in 50 nm InGaP layer. We simulate InGaP
etch stop layer with slightly Al doping as shown in Figure 47, Figure 48, and Figure 49 with
varying bias voltage.
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Figure 47 AlGaAs MQWs band diagram with A10.05In0.5Ga0.45P etch stop layer for (a) Ec; (b) Ev.
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Figure 48. Simulated Ec with Al10.05In0.5Ga0.45P etch stop layer and varying bias voltage.
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Figure 49. Simulated Ev with Al10.05In0.5Ga0.45P etch stop layer and varying bias voltage.
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Figure 50 shows the proposed fabrication flow charts. We start from AlGaAs III-V epi-wafer,
then bond onto 6 inch silicon carrier wafer and release GaAs substrate. The reason to bond I1I-V
wafer onto 6 inch carrier is to utilize our asml300 high resolution lithography tool, which provides
250 nm minimum feature size and less than 60 nm layer-to-layer misalignment.

We define III-V active area and inverse taper by Clo/BCl3 ICP dry etching. By using HCl
solution, we can release InGaP etch stop layer above waveguide core. Using the same dry etching,
we can define waveguide and N-contact window. PECVD SiOz is deposit as isolation layer
followed by P-contact and N-contact windows opening. Metal lift-off of Pt/Ti/Pt/Au for
10/40/40/100 nm is used as electrode, finishing with rapid thermal annealing at 380 °C for 30
second.

The active-passive transmission is critical for high-Q ring cavity. We designed double-stage
inverse tapers to convert light from active area into passive waveguide. All the simulations are
done with assumption of 2um P-cladding and N-cladding. The first inverse taper converts mode
from P-clad/MQWs/core/N-clad into MQWs/core/N-clad. The p-cladding tapers down to 1um,
with 100 nm left above MQWs, which is the SCH layer and the linear transition between P-clad
and MQWs. Figure 51 illustrates the topview and cross section of the active-passive structure.
Figure 52 shows the first and the second order modes confinement, indicating the single mode
condition of passive waveguide. The mode converting is shown in Figure 53, with coupling loss
of 0.04 dB. The second inverse taper converts mode from MQWs/core/N-clad into core/N-clad.
The taper tip width at the end is 250 nm. Figure 54 indicates the mode converting of active-passive
transmission. The first inverse taper is not critical regarding tip width, because mode is mainly
distributed in MQWs and core. However, for the second inverse taper, the tip width is essential for
active-passive transmission due to mode converting from MQWs to core. Thus, we simulated the
active-passive transmission with varying inverse taper tip width, as shown in Figure 56. With 250
nm wide inverse taper tip, the active-passive coupling loss is about 0.1 dB. Figure 55 indicates the
active waveguide mode profile and single mode condition. Figure 56 simulates the active-passive
transmission by 3D FDTD.
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Figure 50 Fabrication flow charts of AlGaAs ring cavity laser active-passive integration. (a) Initial wafer cleaning;
(b) direct wafer bonding onto 6 inch silicon carrier wafer; (c) GaAs substrate removal; (d) InGaP etch
stop layer removal; (e) III-V dry etching of active area using CI2/BCI3; (f) InGaP etch stop layer removal,;
(g) waveguide dry etching; (h) etching of N-contact window; (i) current window defining (j)PECVD SiO2
deposition; (k) BOE release P-contact and N-contact windows, (i) P-contact and N-contact metal lift-off.

AlGaAs active-passive Structure
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Figure 51 multiple-stage inverse tapers design top view (top) and cross section (bottom).
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Figure 53 TE mode converting of the first inverse taper.

Figure 54 TE mode converting of the second inverse taper.
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Figure 59 Simulation of passive directional coupler and ring coupler with 0.8 um width
Table 4 Simulated coupling ratio of ring coupler.

etch depth(um) [w(um) r(um) gap(um) |[coupling
1.1 1.2 200 0.3] 0.01352466
1.1 1.2 225 0.3] 0.01707473
1.1 1.2 250 0.3] 0.0203355
1.1 1.2 275 0.3] 0.02350146
1.1 1.2 250 0.5| 0.00483686
1.1 1.2 250 0.7| 0.00105725
1.1 1 250 0.3| 0.04694306
1.1 1 250 0.5] 0.01243334
1.1 1 250 0.7| 0.00305366
1.1 0.8 250 0.3| 0.1145457
1.1 0.8 250 0.5| 0.03683461
1.1 0.8 250 0.7] 0.00933832
1.1 0.6 250 0.3| 0.2615777
1.1 0.6 250 0.5] 0.1084335
1.1 0.6 250 0.7] 0.03469114

J

Figure 58 illustrates the first order and second order TE mode in proposed waveguide. We use

single mode waveguide with width of 1.5 um and bending radius of 250 um for 0.06 dB per 90°

bending loss. We designed two types of coupler to induce light out from the ring cavity, directional
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coupler and ring coupler as simulated in Figure 59. We vary the coupling ratio in the ring cavity
design to balance the output power and cavity Q value. With smaller coupling, the Q value of the
cavity is larger. Based on the simulation results, we designed the active-passive laser mask of all-
active ring lasers, Frequency shifters, and active-passive lasers. Figure 60(a)-(e) indicate the design
of all-active laser with ring coupler, all-active laser with directional coupler, double ring all-active
laser, unidirectional all-active laser, active-passive laser with directional coupler.

Further, before direct wafer bonding, we have deposited 150 nm SiO2 on AlGaAs epi wafers

by PECVD. We also thermally oxidize 6 inch Silicon wafer for 100 nm at 1000 °C. We use

Chemical Mechanical Planarization (cmp) to reduce the surface roughness of PECVD SiO2 on
AlGaAs epi wafer. The RA of the surface after cmp is 0.21 nm. As shown in Figure 62, we took
the IR image of the bonded sample and the pair is very well bonded. Also, in addition to direct
wafer bonding, we have been working on BCB bonded sample in Figure 63, which indicates the
bonding set up and the bonded sample. Afterwards, we lap down the bonded GaAs substrate to
100 um with no cracks as shown in Figure 67.
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Table 5 Simulated coupling ratio of directional coupler

etch depth(um) [w(um) gap(um) [length(um) |coupling
1.1 1.2 1 1000( 0.270749
1.1 1.2 1 800| 0.179743
1.1 1.2 1 600( 0.104025
1.1 1.2 1 400( 0.047202
1.1 1.2 1 200| 0.011984
1.1 1.2 1 100| 0.003047
1.1 1.2 0.75 500( 0.47828
1.1 1.2 0.75 400| 0.329145
1.1 1.2 0.75 300( 0.195838
1.1 1.2 0.75 200| 0.090695
1.1 1.2 0.75 150| 0.051863
1.1 1.2 0.75 100| 0.023447
1.1 1.2 0.75 80| 0.015161
1.1 1.2 0.75 60| 0.008689
1.1 1.2 0.75 40| 0.00404
1.1 1.2 0.75 20| 0.001249
1.1 1.2 0.5 300( 0.745401
1.1 1.2 0.5 250| 0.582937
1.1 1.2 0.5 200 0.4103
1.1 1.2 0.5 150| 0.248634
1.1 1.2 0.5 100| 0.116923
1.1 1.2 0.5 80| 0.076347
1.1 1.2 0.5 60| 0.044029
1.1 1.2 0.5 40| 0.020377
1.1 1.2 0.5 20| 0.006067
1.1 1.2 0.3 100| 0.482257
1.1 1.2 0.3 80| 0.332516
1.1 1.2 0.3 60( 0.20037
1.1 1.2 0.3 40| 0.094541
1.1 1.2 0.3 20| 0.02756
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Figure 60 Active-passive Laser layout overview.
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Figure 61 mask layout of active ring, double ring, unidirectional laser, and active-passive ring.
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Figure 63 BCB bonding system and bonded sample.
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Figure 64 Direct bonded sample GaAs substrate removal by using wet etching.

We use acid of H3PO4:H202:H20 = 1:1:8 to wet etch the GaAs substrate of the bonded wafer.
The etching rate on the edge is faster than the center area. We added wax as protection when
substrate fully removal from the edges. After 32 hours, in Figure 64, the substrate is fully removed
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with more than 90% yielding. As shown in Figure 65, after substrate removal, we used H3PO4:HCI
=1:1 to wet etch 200 nm InGaP etch stop layer. After InGaP removal, the sample surface is clean
under Nomarski microscope.

I

Figure 65 (a) direct bonded epi-sample éfter substrate removal; (b) ) direct bonded epi-sample after InGaP etch
stop layer removal.

HFW 12/17/2015 WD HV mag spotlLens Mode mode| —1pm—
7.66 ym 8:02:43 PM 5.2 mm 10.0 kV 38 934 x 2.0 Field-Free SE @ Nova NanoSEM

Figure 66 SEM photo of ICP dry etched GaAs waveguide with optimized Cl,/BCl, recipe.

We developed and optimized GaAs dry etching recipe with an ICP dry etching chamber and
Cl2/BClIs chemicals. The optimized recipe is listed in Table 6. The etching profiles shown in the
SEM photo in Figure 66. We used 200 nm PECVD silicon oxide as hard mask for etching. Figure
67 and Figure 68 are devices photos of fabricated AlGaAs bonding all-active and active-passive
lasers.

Table 6. Optimized ICP dry etching of GaAs with C12/BCI3.

Sorece Bias
Pressure(mTorr) | Cl2(sccm) | BCI3(sccm) Power(W) Power(W)
10 13 52 1000 40
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Figure 67 Fabricated AlGaAs laser device photos.

Figure 68 Device photo of fabricated AlGaAs active-passive transmission section.

Figure 69 Fabricated AlGaAs laser bonded on silicon with BCB interface.
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Figure 70 IV curve a) before; b) after RTP process at 250 °C for 30 seconds.
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Figure 71 a) The bonded laser device photo with current injection; b) measured L-I curve of the straight cavity
AlGaAs bonding laser with BCB interface.
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_ Figure 72 Device photos of AlGaAs bonding laser with BCB interface and a) SiO2 cladding; b) TiO2 cladding.
ulti=p
o

760 768 772
wavelength (nm)

Figure 73 The device photos of ring cavity AlGaAs bonding laser with BCB interface and spectrum collected by
vertically mounted multimode cleaved fiber.

We finished the fabrication of AlGaAs laser bonded on silicon with BCB interface. Figure 69
shows the fabricated devices. We investigated the rapid thermal process (RTP) with the BCB

bonded AlGaAs devices and found that the bonding interface can survive under 250 °C for 30

seconds. We proceed with the process for electrodes annealing. Figure 70 indicates the diode IV
curve before and after RTP. Afterward, we measured the straight cavity bonding laser. Figure 71
shows the device photo of AlGaAs bonding laser with current injection and the measured I'V curve.
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We verified the result with Figure 45, where the laser was not demonstrated on a bonding structure.
We conclude that with the similar current injection level, the straight cavity laser share the same
emission efficiency with or without bonding.

We proceed with the testing of ring cavity active-passive AlGaAs bonding laser with BCB
interface. Figure 72 shows that active-passive transmission is low with SiO2 cladding due to the
refractive index contrast. To increase the cladding index, we removed SiO2 cladding and deposit
TiO2 cladding by RF magnetron sputtering, which has refractive index of 2.0. With TiO2 cladding,
the active-passive transmission increases. Figure 73 shows the spectrum and the measurement
setup we used for testing, where a multimode cleaved fiber was mounted vertically and collected
light from the top.

II1.1. Publications

"Single-tone optical frequency shifting and non-magnetic optical isolation by
electro-optical emulation of a rotating half-wave plate in a traveling-wave
lithium niobate waveguide", Chuan Qin, Hongbo Lu, Burcu Ercan, Siwei Liand S.
J. Ben Yoo, IEEE Photonics Journal, vol. 9 issue 3 2017

o "Power-efficient electro-optical single-tone optical-frequency shifter using X-
cut Y-propagating lithium tantalate waveguide emulating a rotating half-wave-
plate”, Chuan Qin, Hongbo Lu, Andrea Pollick, Sri Sriram and S. J. Ben Yoo, Optical
Fiber Communication Conference (OFC), 2017

o “ZnO-diffused lithium niobate waveguide polarization controller,” Paper 9750-6,
James E. Toney, Andrea Pollick, Jason Retz, Vincent E. Stenger, Sri Sriram, SRICO
Inc, SPIE Photonics West, 2016.

e Ph.D. Thesis: Kuanping Shang, “Heterogeneous Integration and Multilayer Platform
for Photonic Integrated Circuits,” University of California, Davis, September 30,2017

e Ph.D. Thesis: Chuan Qin, “Technologies for Elastic Optical Networking Systems in
Spatial, Temporal and Spectral Domains,” University of California, Davis, September
30, 2017

IV.2. Inventions and Patents

Patent Application

Sung-Joo Ben Yoo, Chuan Qin, Burcu Ercan, Hongbo Lu, UC17-363-1PSP, CRYSTAL-
ORIENTATION-OPTIMIZED OPTICAL FREQUENCY SHIFTER WITH OPTICAL
POLARIZATION CONVERSION AND OPTICAL ISOLATIONCAPABILITY
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II1.3. Students and Postdocs Supported

Chuan Qin (Ph D student, PhD received September 2017)
Tiehui Su (Ph D student, PhD received September 2017)
Burcu Ercan (Ph D student)

Mathias Prost (Postdoc researcher)

(No undergraduate students)

I11.4. Summary

This project report summarizes the UC Davis-led CAMS project that covers progress on
coherent frequency shifter, optical isolator, and lasers at 780 nm wavelength. The LiNbO3 based
coherent optical frequency shifter worked as a single tone high extinction frequency up
shifter/down shifter while it also achieved high extinction optical isolators. The ring laser achieved
room temperature cw operations at 780 nm. The summary of the key achievements are as follows:
(1) Successful experimental demonstration of single tone frequency shifting with extinction 20 dB,
(2) experimental demonstration of frequency shifting with continuous sweeping from +/- 2.5 GHz
frequency shifts with potential capability to achieve beyond +/- 10 GHz; (3) experimental
demonstration achieving frequency shifting with 20 dB optical isolation; (4) experimental
demonstration achieving frequency shifting with <10 % leakage; (5) experimental demonstration
achieving frequency shifting with < 3 dB forward optical loss; (6) 29.3 dBm RF power operation
of optical frequency shifter; (7) a new design and theoretical analysis of frequency shifter with
larger electro-optical coefficients demonstrating 2.85% reduction of required voltage (7.2x power
reduction); (8) Room temperature cw operation of broad area 780 nm laser fabricated using
AlGaAs MQWs bonding wafer stack with InGaP etch stop layer calibrating lasing wavelength and
Ll-curves; (9) Development of AlGaAs active-passive laser fabrication processes including
optimized wafer bonding and AlGaAs dry etching recipe; (10) Fabrication of the new 780 nm
AlGaAs active-passive integrated laser.
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I1L.5. Financial Report
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