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Based on the self-consistent calculations of the eight-band k - p model and Poisson equation, we
theoretically demonstrate that the intersubband optical absorption of InAs/GaSb type-II quantum wells
(QWs) is effectively tuned by the electric-field-driven band-inversion transition. By utilizing this property,
InAs/GaSb QWs can be made into highly efficient electroabsorption modulators (EAMs) for TM-polarized
mid-infrared radiation (MIR) (approximately 4.2—12 um) and TE-polarized far-infrared radiation (FIR)
(approximately 12—100 pum). At low temperature, an example p-i-n waveguide EAM composed of six-
period InAs/GaSb QWs achieves a drive voltage of < 0.5 V, a 3-dB cutoff bandwidth of approximately
24.6 GHz, and a dynamic power consumption of < 0.06 mW/GHz for a 20-dB on:off ratio modula-
tion of 4.46-pum TM-polarized radiation. Although the modulation efficiencies drop by 70%—80% when
the temperature increases, the performance of InAs/GaSb EAMs is (at least) comparable with conven-
tional 1.55-um EAMSs at 300 K. These results suggest that InAs/GaSb EAMs are promising devices for
high-speed and low-power-consumption MIR (or FIR) free-space optical communications.
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I. INTRODUCTION

In past years, InAs/GaSb quantum wells (QWs)
have attracted growing research attention in fundamen-
tal condensed-matter physics, since they act as versatile
platforms for the investigations of many exotic quantum
phenomena, such as, e.g., the quantum spin Hall effect
[1,2], helical Luttinger liquids [3], the excitonic insulator
phase [4—6], and anomalous magnetic oscillations [7,8].
The occurrence of these exotic phenomena benefits from
the very distinctive feature of the InAs/GaSb heterostruc-
ture, i.e., the type-II (or broken-gap) band alignment that
causes the two-dimensional (2D) electron and hole gases to
coexist and distribute separately in InAs and GaSb layers,
respectively. If the quantum confinement is not too strong,
the InAs/GaSb QW will manifest an inverted band struc-
ture such that the ground conduction subband (E1) lies
below the ground heavy-hole subband (HH1) at the Bril-
louin zone center, leading to the hybridization of electron
and hole states, and opening a minigap at certain anti-
crossing wave vectors [9,10]. This inverted band structure
is topologically nontrivial for it protects a pair of gap-
less helical edge states and belongs to the 2D topological
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insulator phase [1,2]. Additionally, from the perspective
of applications, the family of InAs/GaSb/AlSb quantum
structure systems have long been recognized as important
infrared optoelectronic materials [11,12], and have been
successfully used in fabricating the infrared photodetec-
tors [13], quantum cascade lasers [14] (QCLs), and inter-
band cascade lasers [14—16] (ICLs). Naturally, it would be
promising to develop infrared optoelectronic devices based
on InAs/GaSb QWs by taking advantage of their unique
quantum features.

One other intriguing feature of InAs/GaSb type-II QWs
is that their band structures can be switched between
the normal band and inverted band, simply by vary-
ing the thickness of the InAs (GaSb) well and/or adjusting
the external electric field [17-21]. Therefore, it is pos-
sible to manipulate the correlated physical properties of
InAs/GaSb QWs by driving the band-inversion transi-
tion, e.g., by controlling the wells’ thicknesses and/or
sweeping the gate voltage. In this paper, we theoreti-
cally demonstrate that the intersubband optical absorption
of InAs/GaSb type-II QWs can be effectively tuned by
the applied gate bias, which gives rise to highly efficient
electroabsorption (EA) modulations for TM-polarized
mid-infrared radiation (TM-MIR) and TE-polarized far-
infrared radiation (TE-FIR) (in the wavelength ranges
of approximately 4.2—12 and 12—100 pum, respectively).
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We propose that the electric-field-driven band inversion
can be viewed as a special mechanism of EA modulation
besides the conventional EA mechanisms, i.e., the Franz-
Keldysh effect and quantum-confined Stark effect (QCSE)
[22,23]. At low temperature, our calculations show that
a typical p-i-n waveguide electroabsorption modulator
(EAM) composed of six-period InAs/GaSb QWs is able to
achieve a 20-dB on:off ratio modulation for TM MIR, with
the drive voltage as low as < 0.5 V, a cutoff bandwidth
of approximately 24.6 GHz, and an ultralow dynamic
power consumption of < 0.06 mW/GHz. Meanwhile, the
TE FIR can also be modulated simultaneously, except for
a smaller extinction ratio (about 1/3 that of TM MIR).
At 300 K, although the modulation efficiencies degraded
to a great extent, InAs/GaSb EAMs still manifest equal
(or slightly better) performance compared to the commer-
cialized 1.55-um EAMs based on QCSE [22,23]. These
results are interesting because they demonstrate the poten-
tial of InAs/GaSb EAMs for the application in high-speed
free-space optical communications.

This paper is organized as follows. In Sec. II, we
describe the theoretical model of InAs/GaSb QWs and
present the calculated absorption spectra. In Sec. III, we
discuss the motivation of developing high-speed EAMs in
the MIR range and propose two possible configurations
for the InAs/GaSb EAM. Then we assess the potential
performance of InAs/GaSb p-i-n waveguide EAMs, and
investigate the influence of temperature on the optical
absorption and device operation. In Sec. IV we provide
brief conclusions.

II. THEORY

A. Theoretical model of InAs/GaSb quantum wells
under applied voltages

For the theoretical calculations, we consider that
the InAs/GaSb QW is sandwiched between two sym-
metric AlSb barriers, with a total thickness of d,, =
dinas + dasy + 2daish, Where dinas, dgasy, daisy Tepresent
the thicknesses of the InAs, GaSb, AISb layers, respec-
tively. The electronic structures of InAs/GaSb type-11 QWs
under external gate bias can be calculated by a self-
consistent model combining the eight-band k - p Hamilto-
nian and Poisson equation [10,24]

{Hy(K) — e[Vin(2) + Vex )W (K)) = E, (K)| W, (K)),

(la)
d d
- d_gr(z)_Vin(Z) = —0.(2) + pi(2), (lb)
/Z dz
@) Ve =0 )

In the above equations, I:Io(k) is the eight-band k- p
Hamiltonian of the InAs/GaSb QW at zero field, and

Vin(ex)(2) denotes the built-in (external) electric poten-
tial induced by the charge-redistribution effect (applied
gate voltage). We can determine Ve (z) from the
boundary conditions — fod“’ & 2)(dVeyx/dz)dz = ngP and
(dVex/dz)|:=0(a,) = 0, where Vgp is the gate voltage
applied on a single period of the InAs/GaSb QW (SP QW)
and ¢&,(z) is the layer-dependent dielectric constant. The
variables E,(k) and |V, (k)) are respectively the electron
eigenenergy and eigenstate for an in-plane wave vec-
tor k in the nth subband. The eigenstate |V, (k)) of the
eight-band k - p Hamiltonian contains eight components
of envelope functions, and can be expressed as |V, (k)) =
exp(ik - p)[¢](2),95(2),..., 05 (2)]". Because the electron
(hole) charge densities p,(y) (z) are dependent on the Fermi
distribution function f,(Er) and the envelope functions
(pj"(z), 1e.,

e n
= g & | S e o

Jj=12

P = e 0 [ X 1@ - e
n j=34,...8
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Egs. (1a) and (1b) are indeed coupled . Thus, a self-
consistent iteration procedure is required to find the
converged solutions. On each iteration step, the Fermi
energy Er is determined by the charge neutrality condi-
tion fodw[,oe(z) — pp(2)]dz = 0, while the Hamiltonian and
Poisson equations are solved by the plane-wave expansion
method [10,24,25]. The attained £, (k) and |V, (k)) can be
used to calculate the absorption coefficients of InAs/GaSb
QWs.

In Fig. 1, we display the calculated band diagrams, sub-
band state probability densities, and band structures of a
demonstrative SP QW under gate voltages of 0 and —0.7 V,
which correspond to the normal and inverted band phases,
respectively. Because the electron and hole states are spa-
tially separated, the overlaps between their wave functions
are relatively small, leading to substantially weak oscil-
lator strengths for interband (i.e., valence-to-conduction
band) optical absorption. However, for the intersubband
transitions, such as the E1-E2, HH1-HH2 transitions, the
oscillator strengths and optical absorption can be substan-
tial. But the intersubband transitions are not allowed to
happen until the E1 (HH1) subbands are populated with
electrons (holes). By applying an adequate reverse gate
voltage, such as V5" = —0.7 V [in Figs. 1(b) and 1(d)],
the orders of the E1 and HH1 subbands at k = 0 could be
inverted, accompanied with the electrons of HH1 (whose
energies are higher than Er) in GaSb transferring (or tun-
neling) to El in InAs, thus populating the E1 and HH1
subbands. Consequently, the intersubband transitions of
E1-E2, HH1-HH2, and HH1 to other valence subbands
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FIG. 1. Calculated band diagrams and probability densities of
E2, El, HHI and HH2 eigenstates (at k = 0) for a demonstrative
InAs/GaSb QW at (a) V5" =0 V and (b) V5" = —0.7 V. (c),(d)
Band dispersions corresponding to (a) and (b), respectively. The
red (blue) lines denote the probability densities [in (a) and (b)]
or subband dispersions [in (¢) and (d)] of electron (hole) states,
respectively. In all panels, the black dashed lines mark the posi-
tions of Fermi energy levels. In this figure, the thicknesses of the
InAs/GaSb/AlSb layers are 8/6/10 nm.

(lower than HH2) can be turned on (or off) by applying
proper gate voltages.

B. Single-particle optical absorption coefficients

For radiation linearly polarized along the uth (u =
x,y,z) direction, the absorption coefficient can be
expressed as o' (w) = 2w Im[n*(w)]/c, where w is the
light frequency, ¢ is the speed of light in vacuum, and
n*(w) = /1 + x*(w) is the complex refractive index. In
the framework of the single-particle approximation, the
linear electric susceptibility is given by [26]

w2
X”’(a)) _ ooC Zf |vmn| ﬁlm(EF). dK,
wdyw on Y BZ Opn (O — @ — iy)

where @y, = [E,(K) — E,(01/B, fom(Er) = fi(Er) — fo
(Er), ag is the fine structure constant, vy, = (W, (K)|0,
W, (k)) is the matrix element of the velocity operator
v, = [7, Hy1/(ih), and y is the phenomenological damping
parameter that relates to the scattering-induced depopu-
lation and dephasing [27]. To numerically evaluate the
Brillouin-zone integral in Eq. (4), we take y to yield

(4)

a reasonable broadening of full width at half maximum
(FWHM) (2hy = 5 meV) [28].

In real semiconductor samples, it is known that
Coulomb many-body effects could make substantial con-
tributions to the optical absorption [27]. To take full
account of these effects, one needs to resort to sophisticated
quantum many-body methods, such as the nonequilibrium
Green functions [29] or density matrix formalism [30].
However, for narrow QWs with low or moderate carrier
densities (< 10'® m~2), many-body effects were found to
only cause minor peak shifts (< 10%), and were domi-
nated by the depolarization effect [27]. Therefore, in the
main text we focus on the single-particle absorption coef-
ficients, while the influence of the depolarization effect is
briefly analyzed in Appendix A.

In the following, we consider two typical InAs/GaSb
type-II QWs. The thicknesses of the InAs/GaSb/AlISD lay-
ers for QW1 and QW2 are 5.5/8/5 and 12/5/5 nm, respec-
tively. As displayed in Fig. 2, the optical absorption spectra
of InAs/GaSb QWs in the inverted-band phase exhibit
peaklike and strongly polarization-dependent behaviors,
which just reflect the characteristics of the intersubband
transition [27]. For TM polarization, several absorption
peaks gradually show up in the mid-infrared radiation
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FIG. 2. Calculated absorption coefficient spectra of QW1
(solid lines) and QW2 (dashed lines) at low temperature for (a)
TM and (b) TE polarization under different gate voltage biases.
For QW1 (QW2), the gate voltage swing is from —0.35 (+0.10)
to —0.65 (—0.20) V.

064053-3



JUN LI et al.

PHYS. REV. APPLIED 16, 064053 (2021)

(MIR) range, elevating the reverse gate bias. Among them
the most apparent ones are due to the E1-E2 transitions,
i.e., the peaks around 278 (136) meV for QW1 (QW2),
which are enabled and enhanced by the band-inversion-
induced populating of E1 subbands. For QW1, one can
find a secondary peak at approximately 140 meV in the
TM absorption spectrum, which is ascribed to the HH1-
LH1 transition (here LH1 denotes the top subband of GaSb
light hole states), and it appears because of the mixing
effect of the hole subbands. Note that we can observe slight
red shifts of E1-E2 TM absorption peaks at high reverse
voltages. This is because the anticrossing wave vectors
k, move towards larger values for deeper band inversion.
Meanwhile, at larger k,, the nonparabolic band dispersions
cause smaller energy differences in the E1-E2 transitions,
resulting in the red shifts of TM absorption peaks. It should
be mentioned that if the many-body effects are taken into
account, such red shifts could be (partly) compensated for
by the depolarization shift (see Fig. 7 in Appendix A). On
the other hand, the TE absorption peaks manifest broad and
complex shapes, and locate mainly in the far-infrared radi-
ation (FIR) range (approximately 12—100 wm), because
they are contributed to by multi-inter-valence-subband
transitions. But their magnitudes are only 30%—40% those
of (E1-E2) TM absorption peaks. Interestingly, by varying
the thickness of the InAs well (from 5 to 15 nm), the center
of the TM absorption peak can be adjusted in the range of
approximately 4.2—12 pm, covering most parts of the 3—5
and 813 um MIR atmospheric transmission windows,
thus implying that the EA modulations by InAs/GaSb type-
I QWs might be very useful in high-speed MIR (or FIR)
free-space optical communications [31-33].

III. ASSESSMENT OF InAs/GaSb
ELECTROABSORPTION MODULATORS

A. Motivation towards high-speed mid-infrared
modulators

Free-space optical communications (FSOCs) in the MIR
range have gained renewed interest in recent years, owing
to the progress of high-quality MIR sources, such as QCLs
and ICLs [32-36]. Delga and Leviandier [32] envisioned
that MIR FSOCs have the potential to be the most com-
petitive communication technology in terms of all four
dimensions, i.e., capacity, reach, cost, and availability
[32]. However, to date, the development of MIR FSOCs
is lagging behind other competing technologies, such as
wireless radio-frequency and fiber-optic communication
systems. To be commercially competitive, it is essential
that MIR FSOCs achieve fast data-transfer rates (or wide
bandwidths). As suggested by Delga and Leviandier, a
good objective for future MIR FSOC:s is to reach the mod-
ulation bandwidth of 4050 GHz [32], which is the typical
bandwidth of today’s fiber-optic communications. Obvi-
ously, MIR FSOCs with 40—50 GHz bandwidth would be

very attractive since they are at the fiber-optic speed but
free of infrastructures.

QCLs have widely been considered as promising light
sources for high-speed FSOCs, since QCLs were pre-
dicted to support ultrahigh direct-modulation frequencies
(> 100 GHz), thanks to their short (picosecond scale) car-
rier lifetimes and the absence of relaxation oscillations
[37]. Nevertheless, recent demonstrations of MIR-FSOC
links with directly modulated QCLs only reached the max-
imum bandwidths of 1 GHz at room temperature [33—36].
Although there were other reports that specially designed
QCLs could achieve direct modulation up to 26.5 GHz
[38,39], they were measured under cryogenic tempera-
tures, and some crucial metrics such as modulation depths
and power efficiencies were also not given. It was then
realized that the modulation frequencies of practical QCLs
could be hindered by other factors, such as the parasitic cir-
cuits, lead inductances, and/or contact resistances [33—36].
Therefore, in practice, it is likely that high-speed external
modulators could play indispensable roles for MIR FSOCs
with bandwidths > 10 GHz, similarly to the roles 1.55-
um EAMs play in state-of-art fiber-optic systems. A recent
experiment has just demonstrated the potential of external
modulation devices by using a GaAs/(Al, Ga)As reflec-
tive modulator, which achieved a modulation frequency
of 1.5 GHz for a 9.7-um MIR beam at room temperature
[40]. However, except for a few demonstrations [40—46],
applicable MIR external modulators with desired high
performance are currently underdeveloped [32,33,40]. In
this sense, the electromodulation properties of InAs/GaSb
QWs are very unique, as they shed light on developing
high-performance MIR EAMs.

B. Possible configurations of InAs/GaSb
electroabsorption modulators

Here, we present two possible device configurations of
EAMs for the application of the InAs/GaSb QW’s elec-
troabsorptive property: the p-i-n waveguide [Fig. 3(a)] and
the vertical-incidence configuration [Fig. 3(b)].

The p-i-n waveguide diode is the most commonly used
configuration for semiconductor EAMs. The waveguide of
the EAM is very similar to that of a laser diode, so one can
learn much about waveguide designing from type-II ICLs
[15,47]. As shown in Fig. 3(a), for the InAs/GaSb EAM
grown on an n-GaSb or n-GaAs substrate, one can firstly
deposit a 0.5-1 um n-doped GaSb layer as the buffer,
and then the waveguide core can be disposed between
the n*-doped (lower) and p*-doped (upper) InAs/AlSb
short-period superlattice (SL) cladding layers [48]. The
waveguide core is formed by sandwiching the multiperiod
InAs/GaSb QWs between two n~-doped GaSb separate-
confinement layers (SCLs). The two SCLs have high
refractive indices that guarantee that the light intensity is
confined in the waveguide core and effectively coupling
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Schematic plots of two possible configurations for InAs/GaSb EAMs: (a) device structure of the p-i-n waveguide diode

configuration; (b) cross section of the vertical-incidence configuration.

with the InAs/GaSb QWs. The bottom and top contacts
can be formed on the backside of the substrate and upper
cladding layer, respectively. To reduce the parasitic volt-
ages, one can introduce InAs/AlISb SLs as transition layers
between the adjacent regions with abrupt band offset [15].
Besides, InAs/GaSb EAMs can also be prepared on an n-
InAs substrate, just like the InAs-based ICLs [47]. But the
InAs-based EAMs use [n'(p™)-InAs]/[InAs/(Al, As)Sb
SLs] as the plasmon cladding layers and n~-InAs as the
SCLs. After the material’s growth, the device structure can
be formed by photolithography and etching with the same
technologies as those of the ICLs [15]. The thicknesses of
each layers, the width w, and length L of the modulation
region needs to be carefully designed to fulfill the desired
performance of the EAM.

Another possible device structure for the InAs/GaSb
EAM is the vertical-incidence configuration plotted in
Fig. 3(b). Different from the p-i-n waveguide EAM, light
is vertically incident on the plane of InAs/GaSb QWs, and
parallel (or antiparallel) to the modulating electric field.
This configuration can be constructed by inserting the mul-
tiperiod InAs/GaSb QWs (usually N > 20) between two
heavily doped cladding layers (e.g., n™- and p*-InAs/AlSb
SLs), while the top and bottom contacts are directly formed
on the cladding layers, with transparent windows open-
ing in the central regions of the contacts. Optionally, the
vertical-incidence configuration of the EAM can incor-
porate an asymmetric Fabry-Pérot cavity [49] with dif-
ferent distributed Bragg reflectors (DBRs) at the bottom
and top facets, so as to enhance the coupling of light
with the InAs/GaSb QWs. The bottom and top DBRs
can be fabricated similar to those in the interband cas-
cade vertical-cavity surface-emitting laser (VCSEL) [50].
The disadvantage of the vertical-incidence configuration
is that it cannot effectively couple the TM-polarized light;
therefore, this configuration might be more useful for the
modulation of TE FIR. For the modulation of TM MIR, it

would be necessary to introduce the metallic grating cou-
pler [27] or the well-designed photonic crystal structure
[51] on the top facet of the EAM to enhance coupling with
the E1-E2 intersubband transition. Note that in this config-
uration both the top and bottom can be the input facet, and
both the transmitted and reflected light can be modulated.
The vertical-incidence EAM can either be grown on the
substrate or directly integrated on top of the VCSEL, just
as the GaAs/(Al, Ga)As EAM VCSEL [52]. One advan-
tage of EAM VCSELSs is that their fabrications do not rely
on the regrowth process, which is currently unavailable
for antimonide materials. But, instead, techniques for fab-
ricating the double mesa structure and three contacts are
required [53].

C. Performance of InAs/GaSb p-i-n waveguide
electroabsorption modulators

Next, as an assessment for the prototype device, we
study the potential performance of InAs/GaSb p-i-n
waveguide EAMs, which is the most common configu-
ration of semiconductor EAMs [22,54]. There are several
figures of merit for a practical EAM to consider, such as the
extinction ratio (ER), drive voltage, power consumption,
modulation bandwidth, insertion loss, and device footprint
[22,23,54]. The extinction (or on:off) ratio of a waveguide
EAM is defined in decibels as [22]

T (Vow)

10l 7 Vo —

TgB(Von) - T‘SLB(VOI:f)a (5)
where Tz (V) [= 10log 7% (V)] is the radiation transmis-
sion as a function of the applied gate voltage in decibels,
and Voneom is the voltage of the high (low) transmittance
state of the EAM. For p-polarization radiation, the trans-
mission function through an EA waveguide is expressed as

T"(V) = Kexp[-Ta"(M)L], Q)
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where K (= 1 for simplicity) is the coupling efficiency at
the input and output of the waveguide and I" is the opti-
cal confinement factor. For the EA waveguide embedded
with SP QW, the optical confinement factor is estimated to
be I'SP = 0.02 according to Ref. [15]. For the EA waveg-
uide embedded with multiperiod InAs/GaSb QWs (MP
QWs), because I is approximately linear to the total thick-
ness of MP QWs, d™P (if d™P < 0.5 um) [15,23], it can
be given by I' ~ NI'SP| where N is the multiplicity of
InAs/GaSb QWs. The drive voltage of the EAM is deter-
mined by the peak-to-peak swing of an on-off modulation,
as Vpp. = [Von — Vogrl. The dynamic drive power of the
modulator can be evaluated by P,. = Vgip_ /(8R), where R
(= 50 Q) is the load resistor of the electric circuit [54].
The modulation bandwidth is given by the RC-limited 3-
dB cutoff frequency, as f3.q8 = 1/(27RC;), where C; is the
capacitance of the p-i-n junction (where we have neglected
the parasitic capacitance).

In Figs. 4(a) and 4(b), we exhibit the low-temperature
transmission functions of two SP-QW EAMSs for TM and
TE polarization, respectively. According to Fig. 4 (a),
one can choose V,, slightly below the critical voltage
of band inversion, [e.g., setting V5% = —0.35 (+0.10) V
for QW1 (QW2)], so that an ER = 20 dB modulation of
TM MIR can be driven by VS_];_ = 0.23 (0.32) V for SP
QW1 (SP QW2) at 4.52 (9.32) um. These radiations with
energies closest to the E1-E2 band-edge separations, i.e.,
with wavelengths of 4.46 and 9.12 um, require the low-
est drive voltages. But, increasing the reverse gate bias,
transmissions for band-edge transitions saturate quickly
and drop after. While, for radiations with longer wave-
lengths, transmissions may saturate at larger values and
higher drive voltages, owing to the red shifts of the absorp-
tion peaks discussed previously (note that if one considers
the compensation effect of the depolarization shifts to the
red shifts, the saturation values and drive voltages for the
band-edge transitions could be higher). For TE FIR [as
shown in Fig. 4(b)], the extinction ratio (or modulation
depth) is about 1/3 that of TM MIR at the same drive
voltage, due to the smaller absorption coefficients. Our
self-consistent calculations show that there are about 4.1 x
10" m™2 carriers transferring through the InAs/GaSb
interface during the 20-dB on-off operation of the EAM,
which agrees well with the experiments in Ref. [20]. This
carrier-transferring effect could induce a relatively large
areal capacitance for SP QW, as ¥ ~ 2.0-4.1 fF/um?
at the off state, which constrains the modulation band-
width (or speed) of SP-QW EAMs. One solution to this
problem is to introduce MP QWs in the EA waveguide.
Since the capacitance of MP QWs is the series connection
of N SP-QW capacitors, i.e., CJMP = CSP wL/N, where w
and L are the width and length of the modulation region,
respectively, InAs/GaSb EAMs with smaller capacitances
(or higher bandwidths) can be obtained by increasing the
QW’s multiplicity N, at the cost of amplifying the drive
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FIG. 4. Calculated transmission functions of two SP-QW
EAMs (with L =100 um) for (a) TE and (b) TM polariza-
tion. Panels (c) and (d) show I'Aa/AF as a function of the
drive voltage and P,./f5.¢s as a function of the extinction ratio,
respectively, for six-period QW EAMs with w =5 um and
L = 50 pum. In all panels, the solid (dashed) lines represent the
results for QW1 (QW2) at different wavelengths (measured in
micrometers). All calculations in this figure are done at low
temperature.

voltage N times for the same band-inversion status, accom-
panied by an enlarged extinction ratio and insertion loss
(i.e., the residue absorption at the on state).

As an example, here we consider an EAM made of
six-period InAs/GaSb QWs (6P QWs) with w =15 pum
and L = 50 um. The bandwidth of this EAM is found
to be approximately 24.6 GHz, and the drive voltage is
approximately 0.48 V for ER = 20 dB of the 4.46-um TM
MIR, which produces a high bandwidth-to-drive-voltage
ratio of 51.25 GHz/V (about 1.5-2 times that reported for
1.55-um EAMs [55,56]). In Figs. 4(c) and 4(d), we calcu-
late the modulation-depth-to-electric-field ratio ' Ao/ AF
[22] and drive-power-to-bandwidth ratio P,./fs.qg [54]
for two 6P-QW EAMs, which measure the modulation
and dynamic power consumption efficiency, respectively.
It can be seen that the maximum of I'Awa/AF reaches
13-17 (dB/100 pum)/(V/um) for TM MIR (about 4 to
6 times that reported for 1.55-um EAMs [57]). At low
temperature, P,./fs.qs for ER =20 dB is found to be
0.02-0.06 mW/GHz for TM MIR and 0.15-0.21 mW/GHz
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for TE FIR, which are even lower than the predicted theo-
retical limits (approximately 0.22 mW/GHz) [58] of EAMs
based on QCSE.

In addition, shortening the length L or increasing the
total thickness d,, could offer other approaches to reduc-
ing the capacitances of InAs/GaSb waveguide EAMs.
Since including too many periods of InAs/GaSb QWs
will also enlarge the insertion loss, and the length of
EAM cannot be too-short for cleaving, one might con-
sider increase d,, by expanding the thickness of AlSb
barrier, i.e., daisp, to reduce the capacitance of QW. For
example, if one increases dajsp, by Adajspy then the capaci-
tance can be approximately reduced from C; to [d,,/(d,, +
2Adnis)]C;, while the drive voltage is lifted from V.
to (1 + 2Adaisp/dw)Vyp.. Hence, there is a simple trade-
off between the capacitance (or modulation bandwidth)
and the drive voltage through controlling dasp. Since
the bandwidth-to-drive-voltage ratio of InAs/GaSb EAMs
could be as high as 51.25 GHz/V at low temperature (even
higher than the conventional semiconductor EAMs based
on QCSE), there is plenty of room to optimize the trade-
offs among the extinction ratio, drive voltage, and modu-
lation bandwidth, thus making it possible for InAs/GaSb
EAMs to achieve the desired modulation frequency and
power consumption.

D. Influence of temperature

Because of the narrow-gap nature of InAs/GaSb QWs,
their absorption spectra can be greatly altered by the tem-
perature effect. In Fig. 5, we display the TM-polarized
absorption coefficients of QW1 at different temperatures
and under the on-off voltages. It can be seen that, by rais-
ing the temperature, the intersubband absorption peaks for
the E1-E2 transition gradually show up for —0.35 V (on
state), but would be weakened and broadened for —0.7
V (off state). This is due to the thermal excitations sig-
nificantly changing the carrier population distributions in
their subbands, thus greatly affecting the intersubband tran-
sitions (see the detailed illustration in Appendix B). The
changes in absorption impair the extinction ratio and also
increase the insertion loss of InAs/GaSb EAMs. Therefore,
to maintain the required extinction ratio and keep the inser-
tion low, one usually needs to set a higher voltage for the
off state and a lower (or even reversed) voltage for the on
state. As a result, the modulation efficiencies of InAs/GaSb
EAMs degrades with increasing temperature.

In Fig. 6(a), we show the influence of temperature on the
transmission functions of a 6P-QW EAM. It can be seen
that the absolute slopes of the transmission functions gen-
erally decrease with increasing temperature, indicating that
the modulation efficiencies decline as well. From 4 to 300
K, T'Aa/AF is found to drop by about 70%—80%. But,
fortunately, at 300 K, it still holds a value of approximately
3.2 (dB/100 pm)/(V/um) for ER = 20 dB of 4.46-um
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FIG. 5. Calculated absorption coefficient spectra of QW1 at
different temperatures for TM polarization under (a) —0.35 V (on
state) and (b) —0.7 V (off state).

TM MIR, which is comparable to (or slightly better than)
the conventional 1.55-um EAM based on QCSE [57]. In
Fig. 6(b), we plot P,./f3.qs as a function of temperature.
From this figure, we see that P,./f;.¢g increases about 0.3
(0.43) mW/GHz for ER = 20 (15) dB of TM MIR (TE
FIR) when the temperature is increased from 4 to 300 K.

(a) T LRI I I I (b) LA B R R B R R
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FIG. 6. (a) Transmission functions of a typical InAs/GaSb

EAM at different temperatures for TM (solid lines) and TE
(dashed lines) polarization. The lines with hollow squares, tri-
angles, diamonds, and circles respectively denote the data taken
at 4, 100, 200, and 300 K. (b) Drive-power-to-bandwidth ratio
as a function of temperature for TM-MIR (TE-FIR) modulation
of ER = 20 (15) dB. In this figure, the modulator is assumed to
comprise six periods of QW1, with w = 5 um and L = 50 um.
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The oscillations of the curves seen in Figs. 6(a) and 6(b)
are due to the absorption-peak-red-shift-induced interplay
of the neighboring intersubband transitions.

Lastly, we should mention that the above performance of
InAs/GaSb p-i-n waveguide EAMs is estimated in a rough
but conservative way. For example, we have assumed a
general 50 Q2 load resistor for the estimation of the cut-
off bandwidth. In practice, the device resistance could
be much lower, since nowadays InAs/GaSb QW samples
with very high mobility are available [59], which could
directly give the reward of a higher bandwidth. In addi-
tion, the optical confinement factor I', the width w and
length L of the modulation region can still be optimized
by performing full optical fields and device simulations.
Therefore, one can further improve the performance (espe-
cially at room temperature) of InAs/GaSb EAMs using
high-quality samples, carefully compromising the struc-
ture of the waveguide, the multiplicity of QWs, and the
thicknesses of the InAs/GaSb/AlSb layers, as well as engi-
neering the band structures of type-II QWs with strain and
Ga,In;_, Sb alloys [60,61].

IV. CONCLUSIONS

In summary, we have demonstrated that electric-field-
driven band-inversion of the InAs/GaSb QW can support
the EA modulation of MIR and FIR at ultrahigh efficien-
cies. At low temperature, the performance of typical p-i-n
waveguide InAs/GaSb EAMs is notably superior to that
of conventional 1.55-um EAMs based on QCSE. Because
of the temperature sensitiveness of narrow-gap semicon-
ductor devices, the modulation efficiencies of InAs/GaSb
EAMs degrade with increasing temperature, but remains
comparable with conventional EAMs at 300 K. In addition,
InAs/GaSb EAMs typically have a small device foot-
print, and are compatible with antimonide materials, which
facilitate their monolithic integration with antimonide-
based MIR (of FIR) sources [62,63]. Therefore, InAs/GaSb
EAMs provide vast potential for developing high-speed
and low-power-consumption MIR (or FIR) free-space
optical communications.
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APPENDIX A: INFLUENCE OF THE
DEPOLARIZATION EFFECT

The many-body effects, including the depolarization
effect, the exchange-correlation induced self-energy, and
excitonic (or vertex) corrections, are known to have non-
negligible impacts on the intersubband absorption spectra
of QWs with high free-electron densities [29,64]. Among
these many-body effects, the depolarization effect was
found to be the dominant one in most cases [27]. To
incorporate the depolarization effect, we extend the two-
level model of modified conductivity (with depolarization
shift) 6., (w) in Refs. [27,64—66], and rewrite the modified
two-level linear susceptibility as

. Yonn (@)
z w) = mn _ , Al
Ko () 1+ (a— b)G(w) (A1)
where we have used the relation o..(w) = —iwep 2, ().

In the above equations, o..(w) and x;,(w) are the single-
particle two-level conductivity and linear susceptibility for
radiation linearly polarized along the z direction, respec-
tively; the total single-particle linear susceptibility is given
by x*(w) =Y, xZ,(®); @ and b characterize the depo-
larization shift and excitonic correction shift, respectively.
It has been shown that b is usually much smaller than a
[27], so we can simply neglect b here (i.e., the excitonic
correction). For the E1-E2 intersubband transition (below
we label 1 — El, 2 — E2 for short), the expression for
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FIG. 7. The calculated two-level absorption coefficients of the
E1-E2 transition at different gate voltages for (a) QW1 and (b)
QW?2. The solid (dashed) lines denote the intersubband absorp-
tion with (without) depolarization effect. (c),(d) Self-consistent
calculation results of @ and N; as functions of the applied volt-
ages for QW1 and QW2, respectively. The dashed lines mark
the voltages that are set for V,. All curves are for TM-polarized
radiations.
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ais dy z
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FIG. 8. (a) Band structures; (b) electron densities of states and Fermi distribution functions; (c) electron population as a function of
energy at different temperatures for 5.5/8/5 (nm) the single-period InAs/GaSb QW under —0.35 V (on state). Panels (d)(f) are similar
to (a)(c), but for the single-period InAs/GaSb QW under —0.7 V (off state). The red solid lines in (b) and (e) are the electron densities
of states that appear in the InAs layer. The black solid, dashed blue, dotted purple lines in (b) and (d) denote the Fermi distribution
functions for 0, 150, and 300 K, respectively. Those lines in (c) and (f) correspond to the electron populations at different temperatures.
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where g, is the spin degeneracy and N, is the free-
electron density (due to band-inversion-induced charge
transferring). The renormalized resonance frequency is
given by @3, = w3, (1 + a — b). Accordingly, the relative
depolarization shift can be simply estimated by (@, —
(,()21)/(1)21 ~ 0.5a.

It can be seen from Figs. 7(a) and 7(b) that the depo-
larization would cause blue shifts and sharper peaks for
the intersubband absorption of TM-polarized radiation.
The depolarization shift in InAs/GaSb QWs will increase
with the transferred electron density (or drive voltage),
or be larger in the wider electron well, e.g., in QW2
(than in QW1). These results are consistent with the pre-
dictions in Ref. [27], that is, the depolarization effect
will be more notable for QWs with higher free-electron
densities or smaller subband-subband energy separations.
As demonstrated in Figs. 7(c) and 7(d), for moderate
SP-QW drive voltages V3° (= [V5r — Vagl) < 0.5V, the
transferred electron densities are generally less than 1.3 x
10! m~2, which limits the relative depolarization shifts
(0.5a) to be smaller than 0.8% and 6% for QW1 and
QW2, respectively. Note that the calculated a for QW1
[see Fig. 7(c)] could saturate with increasing applied volt-
age; this is because at large anticrossing wave vectors (or
maximal transition wave vector) k,, the states of the E2
subband are getting close to the height of the barrier, thus
suppressing the change of overlap between |V, (k)) and
|W, (K)). Meanwhile, by increasing the applied voltage, the
depolarization shift will compete with the nonparabolic
dispersion-induced red shift, leading to a higher modula-
tion extinction ratio (or modulation depth) and saturated
drive voltage for an InAs/GaSb EAM at the resonance
wavelength. These corrections are actually positive to the
performance of the EAM. But, in general, within the on-off
voltage swing, the depolarization only has a minor impact
on the modulation of TM MIR, and has no influence on
that of TE FIR. Therefore, the inclusion of the depolariza-
tion effect would not qualitatively change our conclusions
in the main text.

APPENDIX B: ILLUSTRATION OF
PERFORMANCE DEGRADATION WITH
INCREASING TEMPERATURE

To further illustrate the influence of temperature on the
intersubband absorption of InAs/GaSb QWs, in Fig. 8 we
exhibit the band structures [in (a) and (d)] and the cor-
responding electron densities of states D,(£) [in (b) and
(e)] for the example InAs/GaSb QW under the on and
off states, respectively. The influence of temperature is
attributed to changes in Fermi distribution functions, i.e.,
f (EF) as plotted in panels (b) and (d), which lead to vari-
ations in the occupied electron populations, i.e., given by
n.(E) = D.(E)f (Er) in panels (c) and (f). It can be seen
that, for the on state, increasing the temperature causes

partial occupation of the E1 subband by thermally excited
electrons, thus enabling the E1-E2 intersubband transition.
For the off state, the occupied electron population spreads
to a wider energy range by temperature-induced f (Er)
changes, which weaken and broaden the absorption peaks.
The changes in absorption for both the on and off states are
responsible for the performance degradation of InAs/GaSb
EAMs.
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