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ABSTRACT: AlGaN has attracted growing interest for applica- Ti/Al Electrodes 120 —

tions in electro-optic devices that generate and process optical |0 o o —r ™ )
signals. To enhance the electric-optic effect with polarity, we OC layer - 2 100l vE
designed and grew GaN/AlLGa; N quantum structures with x of SSERCuT K sof 1™ %
about 0.5 by metal—organic vapor-phase epitaxy. Spectroscopic ;7 OClayer &
ellipsometry measurement and ab initio calculation demonstrated ‘s -type GaN 4:: I 150
that the stronger polarization fields induced by higher Al contents /, apphire ' :;” S
in the barrier result in larger electro-optic effects. By applying S 400 i ™
external biases directly on both sides of these quantum structures, H w50 ‘g
a high intensity of external field was achieved, and extraordinary |polarization \ External \ Resonance o 0t =
and ordinary refractive indices were characterized by fitting the it fields effect wop TR _mk
variable-angle spectroscopic ellipsometry. The values of deduced 300 400 500 600 700 800
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electric-optic coefficients were significantly enhanced by combin-

ing the resonance effect with the internal and external fields.
Given the comparable electric-optic coefficients with conventional electro-optic crystals, AlIGaN is an attractive candidate for

nonlinear optical material, which provides a basis for large-scale integrations of ultraviolet electro-optic devices based on nitride
semiconductors.
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B INTRODUCTION

Electro-optic (EO) materials with second-order nonlinearity,
such as KH,PO, (KDP) and LiNbO; (LN), are new devices
fundamental for nonlinear frequency conversion, electro-optic
modulation, optical switch, and other optical elements in
scientific and technical areas.'”* Driven by the desire for
shorter wavelength response, the design and fabrication of such
devices have motivated great interest in developing nonlinear
optical materials with a large optical response.’ Crystallographic
noncentrosymmetry is a necessary feature in the structure of
second order nonlinear optical crystals. After the commerci-
alization of GaN-based blue LEDs in the 1990s, GaN with an
acentric structure, wurzite crystal, has been believed to be a

turns to be an extra degree of freedom for controlling the EO
effect in addition to the external electric field. In this respect,
recent investigations have reported that enhanced EO
coefficients are accessible in the presence of a large built-in
field induced by the interfaces of GaN/Al,Ga,_,N superlattices.
With an Al content of 0.3, the electro-optic coefficients are
measured to be 10 times larger than those of GaN bulk
material."® It is claimed in published literatures that Al
composition provides a degree of freedom to control the
electro-optic interaction.' " By increasing the barrier content,
GaN/Al,Ga;_,N superlattices have much room for promoting
the built-in field to enhance optical nonlinearities.

Most experimental studies have been limited to the

promising material for next-generation optoelectronic devices
operating in the ultraviolet (UV) region.””” Devices performing
both optical and electrical operations in the short wavelength
region on a single low-cost chip are also aimed to be
integrated.'” The constituent materials are not compatible
with other materials and devices within the same chip.
Nevertheless, the EO coefficients of GaN-based materials are
less than ideal for producing a significant EO effect compared
with other traditional materials. Thus, extensive efforts have
been made to amplify nonlinear optical responses. Previous
reports revealed that EO coeflicients can be effectively
enhanced by applying an external electric field.'"'* The
internal polarization field of noncentrosymmetric polar crystals
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transparency region of AlGaN. Notably, in the early studies
of GaAs, nonlinear absorption occurs near the band edge.'®"”
The resonance effect occurs when photoinduced carriers empty
the valence band and fill the conduction band. The resulting
transition blocking leads to a nonlinear optical change in the
absorption and the refractive index, which rely heavily on the
carrier densities near the band edge. Spontaneous polarization
and strain-induced polarization lead to a high polarization in
AlGaN, resulting in a two-dimensional electron gas at the
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interfaces, which has hi§h carrier mobility and electron density
in the AlGaN system."” *° The existence of resonant optical
nonlinearities by modulated field has yet to be explored.

The main interest of this work is to improve the polarity in
materials by designing and growing GaN/Al,Ga; N quantum
structures with an Al content of x = 0.45 using multiple field
modulations. A structure with a pair of thin undoped
AlyssGag4sN serving as optical confinement layers was
proposed to apply an external field effectively on both sides
of the quantum structures. The carrier resonance effect was
introduced to enhance EO coefficients. The corresponding
changes in EO coeflicients were derived from the anisotropic
refractive indices by fitting the ellipsometric spectra.

B EXPERIMENTAL SECTION

The samples were grown on (0001) sapphire substrates by a metal
organic vapor phase epitaxy (MOVPE) system (Thomas Swan CCS 3
X 2"). Trimethylgallium, trimethylaluminum, and ammonia were used
as the precursors, and high-purity H, was used as the carrier gas. SiH,
was used as the n-type doping source. To verify the results obtained by
ellipsometry, a reference sample (marked A) consisting of 2 ym n-type
GaN and 1S-period GaN/ALGa,_ N (x = 0.25) quantumn wells
(QWs) was grown. The wells and barriers are 4 and 8 nm thick,
respectively. It is recognized that the refraction index of GaN is higher
than AlGaN so that the light inside the GaN/Al,Ga;,_,N QWs can
easily pass through. To enhance the EO effect, we adopted a pair of
optical confinement (OC) layers on both sides of the QWs Figure 1a,
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Figure 1. (a) Schematic of the GaN/Al,Ga,_ N QW epitaxy. (b)
Schematic of the samples for measuring the EO coefficients with mesa
etching and electrodes. XRD scan together with simulation curves of

samples (c) B and (d) C.

composed of ~75 nm thick AIGaN with Al content about 0.55. With
the optically thinner Al)ssGag,sN, the response for the EO effect is
improved by extending the optical path length through multiple
reflections between the interfaces of QWs and OC layer. The
additional high resistivity of the OC layer conducts little current flow
beneficial for applying electric fields. For comparison, two samples
with the OC layer, denoted as samples B and C, were grown with the
Al contents of barrier of 0.25 and 0.45, respectively.

The grown structures were characterized by X-ray diffraction (XRD,
X'pert). On the top of the grown wafer, an ITO cladding was
deposited by an electron beam evaporation system (VPT Citation).
Mesas were etched by a reactive inductively coupled plasma etching
system (Oxford Instrument ICP-180), and Ti/Al electrodes were

fabricated by electron beam evaporation. The schematic of samples B
and C is shown in Figure 1b.

To avoid the thermal effect on the measurement of EO coefficients,
pulse DC voltage was applied on the electrodes of the samples from 0
to 20 V at intervals of 2 V. The corresponding variations in anisotropic
refractive indices were measured at 300 to 800 nm by spectroscopic
ellipsometry (SE). Considering the hexagonal lattice structure of both
the GaN and Al,Ga,_,N layers, an uniaxial anisotropy model was built
to fit the spectra using Tanguy’s dispersion for deriving the anisotropic
EO-coefficients.”** To confirm the validity of the above character-
ization technique, the EO coefficients in sample A without the pair of
optical confinement layers were deduced and compared with those in
the previous report."> The r; and r;; in sample A are 4.77 and 16.68
pm/V, respectively, which are consistent with the values of 5.60 and
19.24 pm/V in the superlattice structure with close Al content
(approximately 0.3). The present result suggests that ellipsometry is
feasible for the detection of EO coeflicients.

B RESULTS AND DISCUSSION

Grown structures in wafers B and C were first examined by X-
ray diffraction (XRD) in @/26 mode. Satellite peaks up to the
second order were identified in Figure lc, d, indicating the
formation of sharp interface and period structures.”> The
strongest peaks found in each XRD curves are from GaN
(0002) layers, whereas zeroth-order satellite peaks appear in the
right side. The spaces between them increase with the Al
content in the quantum wells (QWs). In addition, several
satellite peaks array at both sides in the proper order, whereas
an obvious peak appears between the zeroth-order and +1-
order satellite. This peak comes from the optical confinement
(OC) layers with higher Al content. By fitting the experimental
curves, the thicknesses of the well and barrier for both wafers
are 4 and 8 nm, respectively, whereas the Al contents of the
barriers in wafers B and C are 0.25 and 045, respectively.
Furthermore, the Al contents in the OC layers of these two
wafers are both 0.55. These results prove that the grown wafers
are fine controlled and agree well with our design.

A follow up SE measurement under different biases were
employed in an effort to investigate the optical properties of the
grown structures. In the measurements, the ellipsometric
parameters ¥ and A were obtained directly by SE, where ¥
is the angle whose tangent is the ratio of the p- and s-
polarization reflectivity amplitudes and Ais the phase shift in
reflection. By ignoring the imperceptible changes in the
thicknesses under the external field, the bias-induced variations
were examined from the differences between ¥ and Awith and
without the field, ie., 6% = ¥(¢) — ¥(0) and A = A(V) —
A(0). Figure 2 shows the variations in ¥ and A at the visible
wavelength range of 500—600 nm for three samples under
different fields. As shown in Figure 2a, the variation amplitudes
of both ¥ and A are distinctly larger in sample B than in
sample A. Given that only a pair of OC layers is introduced on
both sides of the QWs, the differences are caused by the
different structures. Particularly, the electric field in sample B
QWs is weaker than that in sample A QWs because the OC
layers reduce the electric field. Nonetheless, sample B exhibits a
more obvious EO effect at the weaker electric field. When
different biases were applied on each sample, the EO effect can
change the optical properties differently. The ¥ and A
variations measured under 4, 8, and —4 V are shown in Figure
2b. For the positive bias, the higher bias can result in larger ¥
and A variations. For the negative bias, only slight variations are
obtained. This distinct difference can be attributed to the
interaction between the external and built-in polarization field.
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Figure 2. Variations in ¥ and A [§¥ = ¥(¢) — ¥(0), 5A= A(V) — A(0)] measured in samples A, B, and C at different applied biases. (a) 4 V for
samples A and B. (b) —4, 4, and 8 V for sample C. (c) 6 V for samples B and C.

When the electric field and built-in polarization field are in the
same direction, they will enhance the EO effect. It is
disadvantage for the EO effect when the external and built-in
polarization field are in the opposite direction bringing in
counteraction between them. Accordingly, the positive bias
configuration was applied in our study. As shown in Figure 2,
the amplitude of sample C is larger than that of sample B at the
same bias. This finding may be attributed to the higher Al
content in the QWs. On the basis of the ellipsometric spectra,
the EO effects are believed to be primarily derived from the
structure of the designed QWs. In addition, higher Al contents
in the QWs result in larger EO effects. Therefore, the EO
effects can be controlled and enhanced as our expected design.

It is well-known that the wurtzite crystal structures exist a
polarization field in the ¢ axis, associated with electrostatic
charge densities. This field will influence carrier distributions
and consequently electro-optic effects of nitride materials and
devices. To understand the polarization field effect, simulations
of the band diagram and charge distribution were performed
using the Vienna Abinitio Simulation Package (VASP) on
GaN/AlGa;_ N supercells composed of alternating GaN and
AlGaN units. Along c axis, the macroscopic electrostatic charge
densities were obtained in the Berry phase approach and are
estimated to be 2.56 X 107 and 5.65 X 107° C/cm? for GaN/
AIN and GaN/Aly5GaysN higher than bulk GaN,** respec-
tively. These results confirmed the increased barrier Al content
brings about the increased field, which is expected to enhance
optical nonlinearities appearing in the variation of electro-optic
coeflicients.

To obtain the electro-optic coeflicients from the ellipso-
metric spectra, we fitted the refractive indices under different
voltages by a three-phase model. The model includes a
substrate, a thin film, and the atmosphere, where the thin
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film layer is composed of an n-type GaN layer, a pair of
Al,Ga,_,N confinement layers, an Al,Ga,_,N/GaN QW layer,
and an indium tin oxide (ITO) layer. Although the sample
contains multiple layers of different structures, its anisotropy
can be described by a layered model with c-axis orientation
according to the XRD results. Figure 3a, b shows the typical
ordinary and extradinary refractive index of sample C with
voltages of 0 and 20 V, repectively. In our previous study on
AIN, the ellipsometric spectra were represented well by
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Figure 3. Variation in (a) extraordinary indices and (b) ordinary
indices in sample C as a function of different applied biases by fitting
eq 2.
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Tanguy’s dispersion formula.”® However, they are very sensitive
to optical anisotropy.

With the fitting results from 300 to 800 nm, the optical
parameters under different biases and the thickness were
obtained. The thicknesses of the QW layers (dqy,) of samples
B and C are 174 and 179 nm, respectively, which are consistent
with the XRD measurements. This finding indicates the
reliability of the SE results. Thus, the obtained thickness,
including that of the OC layers (d,.), can be used to evaluate
the electric field. Given that the conductivities of n-type AlIGaN
or ITO are much higher than that of QWs, a large part of the
voltage was loaded on both sides of the QWs. The electric field
in the QWs can be approximately described as

VQWs
dQWs ( 1 )

With regard to the high resistance of AIN,*® the AlGaN
resistivity in the OC layer and QWs is at least 1 X 10'* orders
of magnitude larger than that of n-type GaN”” and ITO.*® The
highly resistive OC layers and QWSs connecting in series
conduct little current flow while applying limited voltage. On
account of the same magnitude of the resistivity between OC
layers and QWs, it is sensible to simplify these two layers
approximately having the same resistivity in order to capture
the essential physics for understanding the EO effect. Here,
Vaws = (dqws/ (2d,c + dqy:)) V. Thus, the electric field intensity
is up to 0.6 MV/cm in the QWs when a 20 V bias is applied to
samples B and C. Figure 3c, d exhibits the bias dependent
variations of ordinary and extraordinary refractive indices, An,
= n,(V) — n,(0) and An, = n,(V) — n,(0), in sample C at a
visible wavelength of 632 nm. With increasing electric field,
both An, and An, monotonously increase in the weaker field
region. As the electric field reaches a certain high level, the
nonlinear modulation of refractive indices can be distinctly
recognized. Particularly, for An,, the curve shows a downward
trend with increasing electric field.

It is noted that the interface between GaN and AlGaN
heterojunction is subject to a large lattice mismatch, which
produces the built-in field via the corresponding polarization
effect. When a sufficiently large external electric field is applied,
the EO effect will impact the light propagation under the
superposition of the built-in and external electric fields, thereby
rendering a change in refractive index as a macro representative.
We found that EO can be tuned by modulating the external
electric field. Moreover, when the electric field reaches a
sufficiently large level, not only the linear EO effects but also
the higher-order, especially second-order, EO effects will be on
the incident light (Figure 3).

Given the hexagonal symmetry of Ill-nitride QWs, two
nonzero EO coeflicient tensors, r 3 and r33, correspond to An,
and An,. These variations under the external electric field are
written as

EQWs =

1
An, = —51’103(7'13[‘:2 + R13Ezz)

>
2
Il

1
_5"e3(”33Ez + RyE,”) )
By employing these formulas to fit the results in Figure 3, the
EO coefficients were obtained. For sample C, the EO
coeflicients at 632 nm are r; = 84, Rj3; = =S5.5, r3; = 30.5,
and Ry; = —37.9. The EO coefficients of extraordinary indices
(r33 and Ry;) are larger than those of ordinary indices (r;; and

R;;). By increasing Al content, the enhancement of EO
coefficients taking steps ahead of values reported in the
literature."” This result may be attributed to the maximum
coupling between the vertical external electric field and the
extraordinary light whose electric vector is parallel to the
external electric field.

Arisen from absorption-induced photocarriers, resonant
nonlinearities building up a field modulation would provide
enhanced performance in GaN/AlGaN superlatices. To
investigate this influence to the EO effect, we extended the
dispersion measurement of EO coeflicients in sample C to the
band edge. Different from the transparent range characterized
by approximately constant values, the EO coeflicient
dispersions at 300 to 450 nm dramatically increase and reach
their maximum in the UV region at 360 nm (Figure 4).
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Figure 4. Dispersions of EO coeflicients for sample C at 300 to 800
nm. (a) Linear EO coefficients. (b) Quadratic EO coefficients.

Particularly, the Pockels coefficients (73 and r33) near the band
gap increase by almost 50% compared with those in the visible
region. As semiconductor materials, the resonance of photo-
induced carriers in QWs is responsible for the enhancement of
the EO coefficients near the band edge.”” Particularly, the
excitons in QWs have a large dipole moment and thus can
significantly enhance the second-order nonlinear optic effects.
This finding accounts for the more obvious enhancement of
Pockels coefficients than Kerr coefficients (R, and Ry;).
When the wavelength reaches the resonance energy at the
band edge or higher, the thin well layers are less absorptive than
thick layers of the same composition and allow relatively more
high frequency photons to come through. Photoinduced
carriers fill available states with increased sensitivity of the
state-filing optical nonlinearity.”’ To determine a figure of
merit, the derived EO coefficients of our samples at 632 nm, as
well as bulk Alj,sGayssN, KDP and LN, are listed in Table 1.
The EO coefficients of samples B and C are comparable with
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Table 1. Linear and Quadratic EO Coefficients of Samples B and C in Comparison with Those of Bulk Al ,sGa, ssN, KDP, and

LN
sample B GaN/ bulk KDP LN

Aly,sGag 75N sample C GaN/Al) 45GagssN Aly4sGagssN (KH,PO,) (LiINbO,)

632 nm 632 nm ~ 360 nm 633 nm 546.1 nm 500 nm

linear EO coefficients r;; (pm/V) rz =624 +03 rz =84+ 03 rz =114 + 04 r; = 049 ry = 8.8 r3 =96
ryy = 6.8
r33 = 309
f33 = 20.1 + 0.7 r33 = 30.5 + 0.8 rp =433 £ 1.0 r33 = 0.78 =105 ry =326

quadratic EO coefficients R;

Ry = —38 + 02
(x 10* pm?/V?)

Ry = —251 + 13

Ry = —5.5+03
Ry = =379 + 1.6

Ri3 = —64 + 04
Ry = —429 + 1.8

that of Aly,sGayssN, which interpolated from literature values
for GaN"** and AIN.*® Especially, the larger EO coefficients of
sample C at 360 nm with higher Al contents (x = 0.45) subject
to large built-in and external fields in Al,Ga; ,N/GaN QWs are
attributed to the resonance effect. Moreover, the EO
coeflicients of our designed structural materials are currently
competitive with those of traditional electro-optic crystals, such
as KDP and LN. More importantly, the EO coeflicients of our
designed structural materials were underestimated in our
calculations because we assumed that the whole voltage was
loaded on this active region, given that the resistivity of the
active region was much larger than that of the n-type GaN and
the top ITO. In fact, a certain voltage is still applied on the n-
type GaN layer and ITO layer. This finding indicates that the
EO effect is generated at the lower electric field intensity and
that the EO coeflicients of the designed structures should be
larger than the obtained values. Accordingly, our designed
structures have the advantage of the EO coeflicients. With their
higher optical response, they are easier to integrate in GaN-
based devices, such as all-optic switch, EO phase modulator,
and so on, compared with traditional EO materials. Therefore,
the designed structures may have significant applications in
information optoelectronics in the future.

Bl CONCLUSIONS

In summary, Al,Ga,;_,N/GaN QWs with an enhanced EO
effect were designed by multiple field modulations. Increasing
Al contents up to x = 0.45 allows for an enhanced nonlinear
response in Al,Ga,_,N/GaN QWs. This response shows a
growing tendency with increasing Al content. Sandwiched
between a pair of undoped optical confinement layers, the
Al Ga;  N/GaN QWs exhibit significant changes in their
ellipsometric spectra under a high intensity of external field. By
fitting the variable-angle SE, the dispersions of two linear EO
coefficients, r;; and r3;, were determined from extraordinary
and ordinary refractive indices. Moreover, the relatively
quadratic EO coefhicients were deduced with the high electric
field. Combined with resonance effect, our designed structures
provide enhanced EO effect in the UV region near the band
edge. Our structures can challenge state-of-the-art nonlinear
crystals. This improvement renders AlGaN as a unique and
promising family of nonlinear optical materials that can be used
for the integration of many functions with mature GaN-based
UV devices in optical information technology.
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