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REVIEW

Doping superlattices in conventional and wide-bandgap
semiconductors: Physics, properties, and device applications

Xiao-Long Wu( /M), Geng-You Zhao(X#47), Bo Feng(% 1), Han-Ming Ding( ] ¥ #H),
Liang-Xue Gu(fiZ£Z), Chuang Wang(F %), Cheng Wang(F i), Kun Tang(i#¥R),
Shu-Ming Zhu(Z i H), Jian-Dong Ye(" % 4%%), and Shu-Lin Gu(i+ k)"

School of Electronic Science & Engineering, Nanjing University, Nanjing 210023, China
(Received 23 March 2026; revised manuscript received 10 May 2026; accepted manuscript online 14 May 2026)

Doping superlattices (DSLs) provide a multifunctional platform for engineering carrier distribution and band structure
in semiconductors. In this work, we present a comprehensive review of the physical mechanisms and device applications
of DSLs in both conventional III-V and wide-bandgap semiconductor systems. Based on a self-consistent Schr”’odinger—
Poisson framework within the local density approximation, the formation of subband structures, effective bandgap mod-
ulation, and spatial separation of carriers are systematically analyzed. The tunable optoelectronic properties of DSLs are
discussed under optical excitation, electrical injection, and external fields, including conductivity, absorption, refractive
index, and luminescence. Typical device implementations such as solar cells, photodetectors, electro-optic modulators, and
negative-differential-resistance devices are reviewed, with emphasis on the interplay between internal electric fields and
carrier recombination dynamics. Furthermore, recent progress in extending DSL concepts to wide-bandgap semiconduc-
tors is summarized. In AlGaN, polarization-assisted modulation doping effectively enhances hole activation and transport,
while in diamond, d-doping and p—i—p—i structures offer a potential route toward high-mobility two-dimensional hole gases.
Finally, the feasibility of n—i—n—i superlattice architectures for improving n-type doping in diamond is discussed. These

results highlight DSL engineering as a general strategy for tunable and high-performance semiconductor devices.

Keywords: doping superlattices, band structure engineering, wide-bandgap semiconductors, diamond

PACS: 73.21.-b, 71.20.-b, 71.20.Nr, 81.05.ug
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1. Introduction

With the rapid development of modern electronic and op-
toelectronic technologies, the demand for semiconductor ma-
terials with enhanced performance is steadily increasing, par-
ticularly in high-power, high-frequency, and deep-ultraviolet
applications.!'=3 Doping superlattices (DSLs), as a novel class
of semiconductor structures, have become an important area of
research due to their unique ability to regulate carrier behavior
and their tunable band structure.!*! By precisely controlling
the thickness, concentration, and distribution of doped layers,
DSL structures allow for the spatial separation of carriers, sig-
nificantly improving carrier mobility, carrier lifetime, and op-
toelectronic properties. [+7]

DSLs can be designed in various structural forms depend-
ing on the specific application requirements, including n—i—
p-i, n—p—n—p, n—i—n—i, p—i—p—i, and heterojunction n—i—p—i
structures. Each structure has its own distinct characteristics
and advantages:

n—i—p—-i structure This structure is widely used in opto-
electronic devices, particularly in light conversion and radi-
ation hardness applications.'®-1?! By inserting an intrinsic (i-
type) layer between the n-type and p-type materials, carrier
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isolation is effectively achieved, enhancing the photoresponse
speed and extending carrier lifetime. However, the relatively
thick intrinsic layer can reduce carrier transport efficiency, par-
ticularly in high-power or high-frequency applications.

n—p-n-p structure Compared to the n—i—p-i structure,
the n—p—n—p structure offers enhanced carrier injection and
faster response speeds, making it suitable for high-frequency
and high-power optoelectronic devices.!!'3] However, the com-
plexity of the structure and the dense doping layers increase
manufacturing costs and technical difficulty.

n—-i-n—i and p-i—-p—i structures These single-polarity
doping superlattices (n—i—n—i and p—i—p—i) are typically used
to address the challenges of p-type doping in wide-bandgap
semiconductors. Due to their relatively weaker modulation
potentials, these structures do not exhibit the same significant
advantages in carrier separation and carrier lifetime as bipo-
lar doping superlattices like the n—i—p—i structure.'*] Never-
theless, these structures are widely used in p-type modulation
doping in AlGaN and J-doping in diamond, particularly in
improving the performance of deep-ultraviolet AlGaN opto-
electronic devices and enhancing the high-speed performance
of diamond field-effect transistors (FETs).!7-15:16]

Heterojunction n—i—p—i structure The heterojunction
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n—i—p—i structure enhances device performance by forming
heterojunctions between different materials. Compared to ho-
mojunction structures, heterojunctions can better exploit the
material property differences, improving light conversion ef-
ficiency and overall device performance.!!’>!1 However, the
drawbacks of heterojunctions lie in the difficulty of control-
ling interface quality, and the difference in thermal expansion
coefficients between materials may induce stress and defects,
affecting long-term device stability.

By carefully designing and optimizing different types of
doping superlattice structures, researchers can achieve optimal
performance for specific applications. This review will focus
on the applications of doping superlattices in III-V semicon-
ductor materials, particularly the n—i—p—i structure. The n—
i—p—i superlattice has demonstrated excellent performance in
light conversion, optoelectronic detection, and optical modula-
tion, making it widely applicable in solar cells, photodetectors,
and optical modulators. Furthermore, this review will explore
the application of doping superlattices in wide-bandgap semi-
conductor materials (such as AlGaN and diamond), particu-
larly the latest research advances in p-type doping and carrier
mobility enhancement.

Through a comprehensive review of recent experimental
and theoretical studies, this article aims to provide an in-depth
overview of the applications of doping superlattices in semi-
conductor devices and look forward to their potential develop-
ment in next-generation high-performance optoelectronic de-

vices.

2. Theoretical foundations of doping superlat-
tices

Accurately describing the electronic structure of n—i—p—
i crystals requires a rigorous theoretical framework, which
is typically established on the basis of self-consistent meth-
ods within the local density approximation (LDA). The over-
all computational flow is schematically illustrated in Fig. 1.
For the initial ground-state calculation, a simplifying assump-
tion is usually made: only shallow donors and acceptors are
present, and the crystal is in a macro-compensated state, mean-
ing that all impurities are assumed to be completely ionized.

The electronic states are determined by solving the
Schrodinger equation within a local density functional formal-

ism combined with the effective-mass approximation??!

ﬁZ
2me
= EuWuk (). (1)

V2 4+ (z) + v (2) + Ve (2) | Wk (1)

Considering the inherent periodicity of the potential energy
along the growth direction z and its invariance with respect to
the in-plane coordinates x and y, Eq. (1) can be transformed

into
[ (;Z) (j;) F30(2) 49 (D) +vee ()] €k ()
= expk i (2), 2

where # is the reduced Planck constant, m. is the effective
mass of the electron. vy (z) is the bare superlattice potential,
which is directly generated by the periodic distribution of ion-
ized impurities; vy (z) represents the Hartree potential, which
is the classical electrostatic potential generated by the distri-
bution of free electrons inside the superlattice; v, (z) repre-
sents the exchange-correlation potential, which is actually a
quantum mechanical correction term derived under the frame-
work of the local density approximation (LDA). yy, () is the
wave function, & (z) is the superlattice Bloch function cor-
responding to the subband y and wave vector k;. &y is the
energy eigenvalue corresponding to the subband y and wave

vector k.
(a)
nji|pt
dn|di dp di
(b) EC(Z)
Vo
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Fig. 1. Schematic illustration and corresponding energy band diagrams
of an n—i—p—i doping superlattice.*! The periodic stacking of n-, i-, and
p-type layers (a) gives rise to a spatially modulated electrostatic potential
from ionized impurities, which in turn induces a periodic modulation of
the conduction and valence band edges, Ec (z) and Ey (z), as shown in
panel (b). The spatial separation of electrons and holes across the poten-
tial barriers leads to a reduced and tunable effective bandgap E;. Under
carrier excitation (c), quasi-Fermi levels Ef, and EF, are established, and
the shaded regions denote potential barriers that suppress electron—hole
recombination. The arrows indicate the tunneling and thermally activated
recombination pathways.
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Fig. 2. Computational workflow for the electronic structure of doped su-
perlattices.

From the Schr’odinger equation, one can calculate the
eigenstates (or subband wavefunctions) under given boundary
conditions, and thereby obtain the carrier distribution or elec-
tron density. Following the approach pioneered by Déhler,?!
the potential distribution inside the superlattice can be eval-
uated using Poisson’s equation in conjunction with the local
density approximation (LDA), enabling the next iteration of
the self-consistent loop (Fig. 2). As depicted in Fig. 1, con-
vergence of the electron density and potential energy is used
as the criterion for self-consistency, ensuring that the obtained
solution corresponds to a stable and physically realistic state.

Although this theoretical model exhibits high reliability,
it inherently depends on a number of simplifying assumptions.
Ruden and Déhler!?! carefully examined the effects of these
approximations. The model neglects spatial potential fluctu-
ations arising from the random distribution of impurities and
the discrete point-charge nature of dopants, which could other-
wise lead to impurity-bound states or impurity bands. Dohler
argued that, for practical GaAs-based doping superlattice de-
vices, a small number of free electrons or holes can compen-
sate a certain amount of space charge, thereby suppressing
long-range potential fluctuations. Moreover, the unscreened
Coulomb energy associated with impurity point charges is suf-
ficiently small, leading to negligible shifts in subband ener-
gies; thus, short-range potential fluctuations can also be ig-
nored.

Within both the tight-binding and nearly-free-electron ap-
proximations, the formation of donor impurity bands can be
safely neglected. However, for acceptors, the situation differs:
due to the significantly larger heavy-hole effective mass (m)),
typically several times that of the electron effective mass, the
corresponding Bohr radius (af ~ 1.8 nm) is much smaller.[**!
Under the tight-binding approximation, the hole occupation

of the valence-band states effectively neutralizes the nega-
tively charged acceptor ions. In such cases, the standard self-
consistent calculation becomes invalid, and the central region
of the p-type layer (with a width proportional to the hole con-
centration, denoted as (d,,o = p(2> / nA)) is usually treated as

a neutral region.*! Nevertheless, experimental studies on the
photoluminescence spectra of GaAs doping superlattices have
shown that the observed linewidths are significantly broader
than those predicted theoretically, indicating that impurity-
induced spatial potential fluctuations in the excited-state sys-
tem can no longer be neglected. To address this discrepancy,
the modified Kane model was employed, providing improved
agreement between theory and experiment.[?*!

The doping concentration and period thickness of the n—
i—p—i doped superlattice can modulate the ground-state band

structure, as shown in the basic formula below:

27e? 2 dp\
2V = e np ﬁ —+na £ .
Ko 2 2

For gallium arsenide materials,

when np = np > 3 X
10'8 cm—3, tunneling recombination dominates at room tem-
perature, and the bandgap is adjustable; below this value, ther-
mally activated recombination dominates, and the bandgap is
not adjustable. Through the above theoretical framework, the
concept of two-dimensional subband structure in superlattices
naturally arises. This subband configuration evidently varies
with carrier concentration, leading to corresponding variations
in the effective bandgap (E;) and the subband spacings. The
tunable physical properties of doping superlattices fundamen-
tally originate from these features — what Dohler referred to
as their “tunability”.

In addition, the spatial separation of electrons and holes
in such structures gives rise to exceptionally long minority-
carrier lifetimes. Dohler!>*! analyzed the enhancement factors
of carrier lifetime resulting from both tunneling and thermally
activated processes, elucidating their dependence on carrier
concentration and effective lifetime.

3. Modulation of doping superlattice properties

As discussed above, the tunable characteristics of dop-
ing superlattices arise primarily from the modulation of in-
ternal carrier concentrations. The main modulation mecha-
nisms include optical injection and electrical injection, while
additional control can be achieved through external transverse
electric fields or in-plane magnetic fields, which modify the
optoelectronic behavior of the system. The effects of these
modulation schemes typically manifest as tunable electron and
hole conductivities, adjustable absorption coefficients, refrac-
tive indices, optical nonlinearities, and tunable spontaneous
and stimulated emission spectra. This section provides a re-
view of these properties.

097301-3



Chin. Phys. B 35, 097301 (2026)

3.1. External modulation in doping superlattices

The tunable properties of doping superlattices primarily
arise from the modulation of carrier concentrations within the
structure. These superlattices exhibit distinct optoelectronic
behaviors that can be controlled by external factors such as op-
tical injection, electrical bias, and transverse electric or mag-
netic fields (Fig. 3). This section provides an overview of
the key physical characteristics and the mechanisms by which
these properties are controlled.

(i) Optical injection When doping superlattices ab-
sorb photons with energy greater than the effective bandgap,
electron—hole pairs are generated (Figs. 3(a) and 3(d)). Due to
the spatial separation of carriers in the superlattice, recombi-
nation is significantly delayed, allowing photogenerated carri-
ers to accumulate effectively in the n-type and p-type layers.
This long-lived carrier separation makes DSLs ideal for ap-
plications in photonic memory and light-controlled switching,
where sustained carrier concentration is required. ¥

(i) Electrical injection Electrical injection in DSLs uti-
lizes selective contacts to the n-type and p-type layers, en-
abling direct control of the quasi-Fermi levels of the electrons
and holes (Figs. 3(b) and 3(e)). By applying a bias, carriers
are injected or extracted, with the quasi-Fermi level difference
modulated by the external voltage. Electrical modulation re-
sults in faster response times compared to optical modulation,
as the process is governed primarily by the RC time constant
rather than recombination dynamics.

(iii) Transverse electric field modulation A transverse
electric field applied perpendicular to the superlattice lay-
ers superimposes a linear potential term on the intrinsic
periodic potential, altering the symmetry of the potential
wells (Figs. 3(c) and 3(f)).
ing bandgaps, with some regions experiencing an increase in

This results in spatially vary-

bandgap (blue-shift) and others experiencing a decrease (red-
shift). This spatial variation in the bandgap modulates carrier
recombination lifetimes and offers ultrafast tunability.

Vop © —
'|# n* LAYER
2
n
¢ nt SUBSTRATE

UNDOPED SUBSTRATE

I

(d) (e)

UNDOPED SUBSTRATE

UNDOPED SUBSTRATE (f)

(F-)
E g.eff

Fig. 3. Optical and electrical modulation of an n—i—p—i crystal.l*! (a) Optical excitation by incident photons. (b) Carrier injection or extraction
through selective n- and p-type contacts under applied bias. (c) Electrical modulation by an external field normal to the layers. (d)—(f) Cor-
responding band diagrams illustrating quasi-Fermi-level separation, optical excitation across the effective bandgap, and field-induced bandgap

modulation.

3.2. Modulation of electron and hole conductivity

The spatial separation of electrons and holes in n—i—p—i
structures results in bipolar conductivity, which can be modu-
lated through either selective electrical contacts or optical in-
jection. The term “bipolar-junction field-effect transistor” was
coined by Ploog et al.'>>! to describe the independent modu-
lation of n- and p-channel conductivity in n—-i—p—i structures.
Unlike conventional JFETs or BJTs, this architecture lacks a
physical gate electrode; instead, conductivity is controlled via

selective optical or electrical injection into alternating layers.

Although this specific device architecture did not gain
widespread follow-up, it provided experimental confirmation
of the dual-component conductivity in n—i—p—i systems, ex-
pressed as

0=q (.LlnnZD + Iprp2D) /d, 3

where g is the elementary charge, i, and , are the carrier
mobilities in the n- and p-type layers, nyp and pop denote the
two-dimensional carrier concentrations in the respective lay-
ers, and d is the superlattice period. This equation explicitly
relates the 2D carrier concentrations to the quasi-Fermi-level

097301-4
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separation, revealing that the total conductivity can be exter-
nally modulated by electric fields.

As discussed earlier, the extremely long recombination
lifetime of excess carriers in n—i—p—i doping superlattices re-
sults in exceptionally high photoconductive gain. For instance,
a GaAs n—i—p-i mesa structure operated at room temperature
with a 1 V bias and a 0.45 mm contact spacing exhibits a pho-
toconductive gain g exceeding 103, far surpassing that of bulk
GaAs (limited to g ~ 1020 due to hole sweep-out effects). [*!

Furthermore, Kiinzel et al. 6] performed Hall-effect mea-
surements at 4.2 K on molecular-beam-epitaxy (MBE)-grown
GaAs periodic p—n doping superlattices. They showed that
the in-plane conductivity arises from both carrier concentra-
tion and mobility contributions, with mobility enhancement
attributed to the screening of space-charge potentials by pho-
togenerated carriers, which broadens the homogeneous con-
duction regions. Similar phenomena have also been observed
in wide-bandgap semiconductors, as will be discussed in Sec-
tion 5.

3.3. Modulation of optical properties

(i) Modulation of the absorption coefficient Because of
the existence of an effective bandgap E;, photons with en-
ergies exceeding Eg can be absorbed in doping superlattices.
Moreover, the Franz—Keldysh effect (FKE) induced by inter-
nal space-charge fields allows for the absorption of lower-
energy photons, resulting in a sub-bandgap absorption tail
that has been experimentally observed in large-period doping
superlattices. [*7]

For highly doped, small-period superlattices (d, = dp =
20 nm, Np = 10'8 cm_3), the presence of 2D subbands intro-
duces pronounced step-like structures in the absorption coeffi-
cient (¢ (V)) even below the host bandgap.!?8! Under electri-
cal bias, the subband structure collapses as the bias transitions
from low forward to near-threshold reverse voltages, leading
to a distinct absorption tail. This substantially reduces the re-
combination current and produces large relative variations in
absorption & (V), demonstrating strong tunability.?->8] The
usual expression for ¢ (V) is

.. .d
o™ (; Adyp) zd*'/o dzapuk (@: F; (2)), @)

where F; (z) is the built-in electric field.[*!

Experimental studies have demonstrated substantial mod-
ulation of the absorption coefficient. Hasnain et al.*”) re-
ported that, for a 1.95 pm-thick GaAs n—i—p-i sample under
bias from —0.5 V to +0.5 V, the transmittance change near
0.89 um wavelength reached 9%, while at photon energies
180 meV below the bulk bandgap, the absorption coefficient
varied by over a factor of 30 for a 0.65 V bias change. Gulden
et al.®% confirmed that in Ing 07Gag 93 As/GaAs hetero-n—i—p—
i structures, the combined influence of band-filling and FKE

leads to enhanced absorption modulation. Applying biases
from —2.5 V to +0.8 V produced absorption changes exceed-
ing 2000 cm~! at 1.39 eV, far exceeding the prediction of FKE
alone (=~ 1450 cm™!). The transmission variation exceeded
100% within a 26 meV range, demonstrating high spectral sta-
bility against temperature and wavelength detuning.

By applying time-varying electric fields to highly doped,
small-period superlattices, high-frequency modulation of op-
tical transmission can be achieved. Layers where the effec-
tive bandgap is smaller than the photon energy exhibit large
relative changes in absorption, making them suitable for high-
extinction-ratio optical modulators. In hetero-n—i—p—i struc-
tures resembling modulation-doped systems, the absorption
edges and step structures become sharper, enhancing the se-
lectivity for photons corresponding to distinct subband transi-
tions.

(ii) Refractive index and nonlinear optical properties
As mentioned earlier, both electrical and optical modulation
can alter the absorption coefficient; consequently, doping su-
perlattices exhibit pronounced nonlinear optical behavior. In
general, the nonlinearities in n—i—p—i and hetero-n—i—p—i struc-
tures arise primarily from band-filling, free-carrier polariza-
tion, and the Franz—Keldysh effect. [+3]

The extraordinarily long carrier recombination lifetime
enables strong optical nonlinearities even under low excitation
intensities, and the superposition of band-filling and field ef-
fects can lead to constructive enhancement. Malzer et al.!3!]
found that in hetero-n—i—p—i structures, the energy difference
between the intrinsic and doped layers can align the field-
induced absorption tail with the doped-layer bandgap, re-
sulting in a switching enhancement factor of approximately
4500 cm~!.
correspond to variations in the refractive index n, the latter

Since changes in the absorption coefficient Ao

can be evaluated using the Kramers—Kronig transformation

Angpt (w) = % /0an (a)/) [a)’2 _ w2} - do'. (®)]
For high-frequency optical modulation, combining optical in-
jection with selective electrical contacts allows the absorption
switching time constant to be controlled to the nanosecond
level via external bias tuning.

(iii) Modulation of luminescence characteristics Due
to the coexistence of the effective and direct bandgaps (E; and
E,), n—i—p—i structures exhibit two primary radiative recombi-
nation channels: tunable recombination across the spatial in-
direct gap (dominant at low temperatures) and thermally acti-
vated vertical recombination (dominant at high temperatures,
near the bulk gap).3?!

1.1331 theoretically analyzed the emission, ab-

Heitzer et a
sorption, and optical gain spectra of n—i—p—i structures under
various temperatures, excitation levels, and design parameters,

with excellent agreement with experimental results. At 77 K,

097301-5
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multiple small peaks corresponding to specific subband tran-
sitions appear in the emission spectra, while at room tempera-
ture, high-energy state occupation leads to smooth broadening
and the emergence of a “shoulder” near the bulk band edge
due to thermally activated transitions. Experimental and the-
oretical studies have demonstrated that heavily doped GaAs

(a) (b)

Contacts for
external drcuit

Front Contact

®

P-iie-InAs (200nm) i

Substrate GaAs

Current Density (A/m®)

Current Density (A/m’)

cm?)

Current Density (A/c

Dark current density (A/cm’)

superlattices exhibit tunable luminescence at room tempera-
ture under both optical and electrical injection. Heitzer et al.
reported that in a GaAs n—i—p—-i device containing ten n-type
and eleven p-type layers with Alg3Gag7As cladding, an op-
timized design yielded a tunability of approximately 0.6 eV,
consistent with theoretical predictions.
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Fig. 4. Structural schematics and electrical characteristics of n—i—p—i superlattice devices. (a) Schematic diagrams of GaInNAs n—i—p-i structures
with V-groove and mesa metallization designs. (b) Dark and illuminated J-V curves of GaInNAs n—i—p—i solar cells before and after annealing.[1%!
(c) Interdigitated electrode configuration on V-groove mesa n—i—p—i structures. (d) Simulated and measured J—V characteristics of n—i—p—i
diodes before and after contact annealing.!? (e) Cross-sectional view of an InAs/GaAs n—i—p—i heterostructure. (f) J-V and open-circuit voltage

characteristics of n—i—p—i solar cells with different period numbers. (8!

Although the recombination lifetime in n—i—p—i crystals is
substantially prolonged, efficient real-space indirect electron—
hole recombination can still produce high emission intensities
when the lifetime enhancement is properly controlled by the
doping level. Moreover, the emission strength scales with the
ratio of carrier density to recombination lifetime; even with
strong redshift, the emission strength remains high, since re-
combination occurs throughout a thick, engineered n—i—p-i
Lateral-field

modulation can achieve faster response times but introduces

volume rather than a confined quantum well.

bandgap splitting, yielding simultaneous red- and blue-shifted
components. This issue can be mitigated through asymmet-
ric doping profiles or hetero-n—i—p—i architectures.*®! Finally,
n—i—p—i systems display remarkable potential for stimulated
emission. Compared to conventional semiconductor lasers,
population inversion can be achieved at substantially lower in-
jection levels, owing to the extended recombination lifetime.
Even at low excitation, the electron quasi-Fermi level in the
conduction subbands can exceed kg7 at room temperature,

while high p-type doping ensures that the hole quasi-Fermi
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level resides within a region of large density of p-states.

The optical gain spectra of n—i—p—i crystals are highly
tunable because the gain peak correlates directly with the ad-
justable effective bandgap. In GaAs-based n—i—p—i structures,
gain peaks of the order of 103 cm~! have been measured ap-
proximately 150 meV below the GaAs bandgap, shifting to-
ward higher photon energies with increasing excitation. >4
Because the absorption losses — arising mainly from free-
carrier and inter-valence-band absorption — are relatively
small, and Auger recombination is strongly suppressed due
to reduced wavefunction overlap, n—i—p—i crystals can achieve
extremely low threshold currents. Consequently, the tunable
gain characteristics make n—i—p—i crystals highly promising
candidates for tunable lasers and optical amplifiers. !

4. Research progress on doping superlattice de-
vices

4.1. Optoelectronic devices

(i) Solar cells Compared to conventional p—n junction so-
lar cells, DSL-based photovoltaic devices offer two distinct
advantages. First, the tunable effective bandgap allows the ab-
sorption spectrum to be extended into the sub-bandgap region
of the host material, enabling a multi-spectral response with-
out the need for complex multi-junction growth. Second, the
spatial separation of photogenerated carriers within the n- and
p-doped layers significantly suppresses bulk recombination.
This increases the minority carrier lifetime and enhances the

collection efficiency of photogenerated pairs, potentially lead-
ing to higher open-circuit voltages and improved conversion
efficiencies in materials with low diffusion lengths (Fig. 4).

Subsequent theoretical simulations optimized structural
parameters — including the number of periods, layer thick-
ness, and doping concentration — and revealed that increasing
the period number improves the short-circuit current density
(Jsc) but reduces the open-circuit voltage (V) (Fig. 4(e)).18!
Cress et al.!®*] fabricated a three-period GaAs n—i—p—i solar
cell consisting of 200-1000 nm doped layers and 200 nm in-
trinsic spacers (Fig. 4(d)). After post-growth annealing, its
performance improved markedly: V. rose from 0.28 V to
0.36 V, Js from 19.3 mA/em? to 20.7 mA/cm?, and the fill
factor (FF) from 36% to 53%, yielding an AMO efficiency of
3.17%. A 12-period device (50 nm per layer, 2.55 um to-
tal thickness) reached 3.42% efficiency with V. = 0.643 V
and J¢ = 16.2 mA/cm?.1371 Mazzucato et al.'*! fabricated
triple-junction GaAs n—i—p-i devices (300—1000 nm active re-
gion) yielding Jy. = 16 mA/cm?, V.. = 0.33 V, FF = 54%,
and 2.2% efficiency (AM1.5G). Agageldi Muhammetgulyyev
et al."% reported a five-period GaInNAs device whose an-
nealed V-groove structure achieved Jy. = 19 mA/cm?, V. =
0.21 V, F = 42%, and 1.69% efficiency. Further interface-
optimization work by Slocum et al.’844! reduced trap den-
sity and boosted efficiency to 9.14%, while maintaining nearly
100% of Jy, Vo, FF, and efficiency after 1 MeV electron irra-
diation (Fig. 5).
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Fig. 5. Performance and physical mechanisms of GaAs doped superlattice solar cells.

Figure 6 illustrates the impact of doping superlattice or 6-

doped structures on both the electrical and optical properties

8-10,34,37-43

of optoelectronic devices. ! 1" As shown in Fig. 6(a),

the device efficiency exhibits a non-monotonic dependence on

Wavelength (nm)

8-10,34,37-43]

Voc.  While increasing Vi, generally benefits efficiency, the
maximum short-circuit current density Jy occurs at relatively
low Vi, indicating a trade-off between carrier collection and
built-in potential. This reflects the interplay between inter-
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nal electric fields and recombination: enhanced band bending
improves carrier separation and V;., but may degrade carrier
transport and increase recombination, thereby reducing Jg.
Figures 6(b) and 6(c) further demonstrate enhanced long-
wavelength absorption arising from the Franz-Keldysh ef-
fect under strong internal fields.[*}! In Fig. 6(c), the absorp-
tion spectrum shows a clear redshift and an extended tail to-
ward longer wavelengths, indicating sub-bandgap absorption.
The Franz—Keldysh model yields a smoother absorption edge

GaAs
InGaAs

rrrrr D type 8-layer
620A InAlAs

2000 A INAIAS - n type 10'® cm~*

than the effective mass approximation, consistent with field-
assisted tunneling across the reduced bandgap. Moreover,
structural parameters, including layer thickness and doping
concentration, strongly influence the absorption strength and
spectral range. Overall, DSL structures enable field-induced
bandgap modulation and sub-bandgap absorption, while de-
vice performance is ultimately limited by the trade-off be-

tween V. and Jy.

(b) 20004 INAIAS - P type 10 an=? (C)

---InGaAs QW ----

-~ InAlAs barriers - -
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Fig. 6. Device structures and schematic diagrams for multi-quantum well (MQW) light modulators with delta-doping superlattices.!!%#>40] (a)
End view of the waveguide device structure for an implanted sample in a light modulator. (b) Scheme of the InGaAs/InAlAs MQW structure
with the n—i—p—i delta-doping superlattice for a light modulator. (c) Schematic picture of the sample structure with n—i—n—i, n—i—p—i, and p—i—p—i

regions for light modulation.

In Fig. 5(f), the structure and optoelectronic performance
of InAs doping superlattice solar cells are closely correlated.®!
Research indicates that the photoelectric conversion efficiency
reaches a peak value of 4.14% when the number of superlattice
periods is 50, with efficiency following a trend of increasing
and then decreasing as the number of periods rises. Regard-
ing layer thickness and doping, a repeating period thickness of
50 nm combined with a doping concentration of 1 x 10'8 cm—3
generates an internal maximum built-in electric field exceed-
ing 3.6 x 10° V /cm, which drives the rapid collection of pho-
togenerated carriers. Significant trade-offs exist between de-
vice performance indicators. First, while increasing the num-
ber of periods enhances the short-circuit current density to
19.06 mA/cm? by expanding the absorption volume, it also
introduces more parallel junctions and increases the cumula-
tive depletion region thickness, leading to a concurrent rise in
dark current. When the number of periods is excessive (e.g.,
75 periods), increased lattice strain and defects cause dark cur-
rent to deteriorate significantly, undermining efficiency. Sec-
ond, the expansion of the spectral response range comes at
the cost of open-circuit voltage (V,c). Although the n—i—p—
i structure extends the absorption edge to 1050 nm and im-
proves external quantum efficiency (EQE) in the 900—-1000 nm
range, the open-circuit voltage drops from 1.05 V for a typi-
cal GaAs single-junction cell to approximately 0.4 V due to
interface traps and high dark current. Furthermore, while the
strong built-in electric field enhances subband absorption via
the Franz—Keldysh effect, it simultaneously weakens exciton
resonance effects within the semiconductor; the total subband
absorption is thus limited by the mutual constraints of these

mechanisms. Therefore, optimizing such cells requires find-
ing a balance between the number of periods, the electric field
strength induced by doping levels, and the suppression of dark
current and voltage loss.

(ii) Photodetectors Unlike conventional homojunction or
heterojunction photodetectors, DSL-based structures offer a
tunable effective bandgap mechanism. By adjusting the dop-
ing concentrations and layer thicknesses, the absorption edge
can be extended far into the infrared region, which is otherwise
inaccessible for the bulk material. Furthermore, the spatial
separation of electrons and holes in DSLs significantly sup-
presses the recombination rate, thereby enhancing the carrier
lifetime and improving the internal quantum efficiency, espe-
cially under low-light conditions. Doping-superlattice infrared
detectors have evolved through diverse material systems and
architectures — including In(As,Sb) sawtooth doping super-
lattices (SDS), InSb/InAs n—i—p—i structures, and trapezoidal
d-doped superlattices — to achieve mid- and long-wavelength
infrared (LWIR, 8-12 um and beyond) detection.[!!:13:47:48]
Using MBE growth, researchers achieved high doping densi-
ties (~ 10'> cm™3) and precise period control (< 300 A),!'?]
thereby optimizing the absorption coefficient, detectivity (D),
and gain-bandwidth product.!'>*8] These ITI-V superlattices
offer superior uniformity and thermal stability compared with
conventional HgCdTe (CMT), providing a practical route for
large-format focal-plane arrays.

Hass et al.!'31 designed an InAsg4Sbgg SDS with <
4 % 10'? cm~2 sheet doping and < 300 A period, achieving
a cutoff wavelength Ay > 12 um at 77 K. Trapezoidal §-
doped superlattices based on InSb, InAs, GaAs, and Ge ex-
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hibit sub-bandgap absorption under high fields, maintaining
Ot ~ 10> cm™! at 10 um for InSb.[*”! Vaghjiani et al.!'!]
observed strong 10 pm subband absorption with full width at
half maximum (FWHM) = 390 cm~! (AA/A =~ 29%). Riel
et al.' and other groupsP?! developed reverse-biased pho-
toconductive detectors (RBPCDs) with gain—bandwidth prod-
ucts > 20 GHz, operating efficiently up to 6 GHz for high-bit-
rate receivers and optical switches. Although further improve-
ment in substrate quality and integration is required, these ef-
forts demonstrate the feasibility of multi-material and multi-
architecture approaches to replace CMT in spaceborne sens-
ing, imaging, and optical-communication applications.

4.2. Electro-optic devices

In optical communication, DSL-based modulators pro-
vide a superior alternative to conventional bulk or quantum-
well structures due to their enhanced electro-absorption and
electro-refraction effects. By applying a transverse or longi-
tudinal electric field, the overlap between electron and hole
wavefunctions can be rapidly modulated, leading to a signifi-
cant shift in the absorption edge and refractive index at much
lower driving voltages. This enhanced Franz—Keldysh effect
in DSLs enables high-speed modulation with high contrast ra-
tios and lower power consumption, making them ideal for in-
tegrated photonic circuits.

Early work focused on electro-optic devices containing
n—i—p—i active layers, sawtooth superlattices, or modulation-
doped multiple quantum wells (MQWs). Ackley et al.l3!]
demonstrated GaAs LEDs with ten periods of alternating n-
type (Si: 3 x 10'® cm™3) and p-type (Be: 3 x 10'® cm™3)
layers, each ~ 300 A thick. The devices showed a reverse
breakdown voltage > 9.5 V and reverse saturation current
~ 8.8 nA for 400 um length. Sawtooth superlattice LEDs—
comprising alternating §-doped n and p GaAs layers (20
spikes, sheet density 5 x 1012 cm~2, 10 nm spacing)—emitted
quasi-monochromatic light (A > 0.9 um) with FWHM =~
60 meV (41 nm linewidth) and linear intensity—current depen-
dence up to 1 kA-cm~2.15?

Modulation-doped InGaAsP quantum-well lasers showed
o-factors of 1.0-1.4, threshold currents ~ 20 mA, and out-
put powers ~ 1.2 mW.[?%211 Schubert et al.!>’! reported a
GaAs sawtooth superlattice laser with 20 nm period, sheet
density 5 x 10'2 cm™2, and active region thickness 0.2 um;
under 750 ns pulsed excitation at room temperature, the
threshold current density was 2.2 kA-cm~2 and emission at
905 nm (FWHM =~ 7.3 meV). Photopumped GaAs doping
superlattice lasers with 10 periods (120 A n*/120 A p*,
2 x 10" ¢cm™3) produced continuous-wave and pulsed emis-
sion up to 901.5 nm, confirming stimulated emission in DSL
media.l’* These devices achieve spectral extension (A >
0.9 pm) and surface-emission capabilities, while modulation-

doped InGaAsP QW lasers enable low-noise, wide-bandwidth
operation around 1.55 um. Despite remaining challenges such
as thermal degradation and complex growth processes, these
studies laid the foundation for modern telecommunication-
grade light sources. The study by Dutta et al. demonstrates
that increasing the p-type doping concentration leads to a
significant optimization in device performance.’?”! When the
concentration exceeds 10'8 ¢cm—3, the relaxation oscillation
frequency can be enhanced by more than twofold compared
to undoped devices, accompanied by a rapid reduction in the
linewidth enhancement factor and the suppression of relative
intensity noise.

4.3. Transistors

The primary advantage of integrating GaAs doping su-
perlattices into transistors is the transition from a sim-
ple current-control device to a functional integrated compo-
nent with non-linear logic. By utilizing artificial bandgap
engineering, the SDS structure induces a controllable S-
shaped negative-differential-resistance (NDR) effect, granting
the transistor unique logic switching and bi-stable memory

33361 Liu et al. fabricated homojunction and het-

capabilities. |
erojunction BJTs with five-period 8(n™")-i—8(p™)—i collectors
(8§ =1x 10" cm~2, 300 A intrinsic spacers). The homo-
junction device achieved a common-emitter gain ~ 20 and
base sensitivity (SB =8x1073V/ uA), while the heterojunc-
tion variant showed gain ~ 25 and (SB =1.6x10"1Vv/ uA).
0-Doped InGaAs/GaAs interband tunneling diodes exhib-
ited N-type NDR with peak-to-valley current ratio (PVCR)
~ 5 and peak current density ~ 607 A-cm~2; §-SBITDs
achieved PVCR ~ 3.2, outperforming InSb counterparts.>”]
In p-GaAs/SDS/n™-GaAs structures with five §(n™)—i—-8(p™)-
i periods, S-type NDR appeared at 77 K due to avalanche mul-
tiplication within the SDS region, while room-temperature be-
havior was dominated by thermionic emission.’® These re-
sults shed light on carrier-transport mechanisms in 8- and SDS
structures and suggest their utility for switching and multi-
valued logic circuits, though most demonstrations remain at
low temperatures and require further optimization for room-
temperature operation.

In SDS transistors, the non-linear transport characteristics
are highly dependent on structural parameters. First, the sharp-
ness of the §- doping profile determines the barrier height and
carrier confinement depth, which is essential for maintaining
low leakage current in the “off-state”. As the number of su-
perlattice periods increases, the impact ionization path is ex-
tended and hole accumulation is enhanced, significantly im-
proving the switching voltage ratio (Vs/Vyg). This hole ac-
cumulation creates a charge-screening effect that lowers the
internal barrier, triggering a transition from a high-resistance
state to a conducting state, which results in the characteris-
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tic S-shaped NDR. Furthermore, through optimized layer se-
quencing, the base current can sensitively control the barrier
lowering in the collector, allowing the device to achieve con-
trollable switching functionality alongside traditional transis-
tor amplification. The core of further optimizing GaAs SDS
transistors lies in the precise management of charge feedback
dynamics. By reducing the intrinsic layer thickness to intro-
duce quantum tunneling, the carrier transit speed across the
barrier can be increased, significantly shortening the NDR
switching time.

4.4. Optical modulators

(1) Electro-optic modulators Compared to bulk-material
electro-optic modulators, DSL structures exhibit significantly
enhanced electro-absorption and electro-refraction effects
(such as the enhanced Franz—Keldysh effect). Due to the high
sensitivity of the periodic potential to external fields, a rela-
tively small bias voltage can cause a substantial shift in the
overlap integral of electron and hole wavefunctions. This al-
lows for high-contrast optical modulation with much lower
driving voltages, meeting the requirements of high-speed and
low-power consumption for integrated photonic circuits. Dur-
ing the 1990s, significant effort was devoted to semiconduc-
tor electro-optic modulators based on n—i—p—i superlattices
and MQW heterostructures, utilizing the Franz—Keldysh effect
(FKE) and quantum-confined Stark effect (QCSE) for electro-

591 fabricated a GaAs n—i—p—i

absorption control. Kiesel et al.
modulator (15 periods, 60 nm n/p layers, 70 nm intrinsic layer,
total thickness 3.9 um). With a 7 V drive swing and no cav-
ity enhancement, an on/off ratio > 6 : 1 and absorption change
> 2000 cm~! were achieved; 45 x 45 pmz devices reached
3 dB bandwidths of 40 MHz.

Further studies focused on MQW hetero-n—i—p-i waveg-
uide modulators. Knupfer et al.'*! and Thirstrup et al.!®]
designed structures where each period comprised n-, intrin-
sic (MQW), and p-regions with doping around 10'® cm™3.
The former achieved 32 dB extinction at 1.06 um and 5 V
bias with —3 dB bandwidth up to 110 MHz, while the lat-
ter demonstrated > 100:1 extinction at 4 V bias under low
optical power (~ 107> W). Larsson ez al.181:9?] realized §-
doped InGaAs/GaAs MQW cavities (2.04 um total thick-
ness) with contrast ratio > 60:1, insertion loss 4.6 dB, and
Aa 2~ 9000 cm~!. Yoffe et al.!®! achieved 10:1 modula-
tion ratio at only 1 V bias. Tribuzy et al[%*! fabricated
InP/InGaAsP/InP p—i—n modulators with Attpnax ~ 3000 cm™!
for fields < 2 x 103 V-cm™!. Although issues such as insertion
loss and doping control persist, these studies demonstrated
feasible routes to high-speed, low-voltage optical modulation.

Further, Tribuzy’s group systematically investigated n—
i—-p—i 6-doped MQWs grown by MOVPE in GaAs/AlGaAs

and InGaAs/InAlAs systems, with J- doping levels ~ 1 X

102 cm™2.
enhancement by a factor of three over undoped samples
was observed at AE = 74 kV-cm~!.17] Stark shift doubled,
and the operating voltage for CR = 14 dB dropped from

In GaAs/AlGaAs structures, electroabsorption

3.7 V to 2.0 V.I"8 The chirp parameter (ct;) was maintained
within the ideal range (—1 < o < 0) for long-distance op-
tical communications.[®] In InGaAs/InAlGaAs MQWs, A«
improved fourfold under 40 kV-cm~! field, CR = 15 dB with
40% lower drive voltage, along with polarization insensitivity

and negative chirp. ']
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Fig. 7. Performance comparison of n—i—p—i 6-doped DMQW and con-
ventional MQW modulators. [17-18.59:63.66]

The performance enhancement of GaAs-based doping
superlattice optical modulators relies on the precise regula-
tion of internal electric field profiles and carrier dynamics.
By evolving traditional homogeneous doping into asymmet-
ric 6-doping profiles — specifically, hetero-n—i—p—i structures
where n-type J-layers are positioned at the center of quantum
wells and p-type J-layers at the center of barriers — it is pos-
sible to utilize highly localized charge distributions to generate
steep sawtooth potential fields. This configuration establishes
a strong initial internal electric field at zero bias, maintaining
the energy bands in a pre-bent state. Consequently, a rela-
tively low external bias can induce significant band-flattening
shifts. This process substantially improves the efficiency of
the QCSE, directly optimizing the correlation between driv-
ing voltage and absorption coefficient changes, which allows
the device to achieve high-contrast optical modulation under
low-voltage conditions. In the path toward performance op-
timization, suppressing the thermal diffusion of dopants (such
as C or Be) is critical for maintaining ideal potential field sym-
metry, as charge compensation or positional deviation at inter-
faces can lead to distortions in the internal electric field distri-
bution, thereby weakening modulation efficiency. Regarding
the inherent intrinsic capacitance of the superlattice, the core
of optimization lies in adjusting the ratio between the number
of periods and the intrinsic layer thickness to reduce the RC
time constant and enhance response bandwidth while ensur-
ing sufficient optical interaction length (Fig. 7).
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(2) Bistable and nonlinear optical devices In the realm
of nonlinear optics, the core advantage of DSLs is their ‘gi-
ant” nonlinear coefficients, which are typically several orders
of magnitude larger than those of conventional bulk semicon-
ductors. This extreme nonlinearity arises from the high sen-
sitivity of the subband structure to the density of optically
injected carriers; the flattening of the potential barriers di-
rectly modulates the optical response functions of the mate-
rial. Such a unique mechanism enables optical bistability at
ultra-low power thresholds, providing an ideal platform for
all-optical switching and signal processing. Research has also
explored bistability and nonlinear optical behavior in n—i—p—
i and p—i—n structures at ultra-low optical power. Kiesel et
al.'®”) demonstrated ‘intelligent pixel” devices combining n—
i—p—i modulators with optical—electrical bistability: with input
powers < 200 pW, an electrical current switching ratio > 107
and optoelectronic gain of 6.8 x 10® were achieved. Opto—
optical bistable pixels exhibited optical gain ~ 3 x 10°, switch-
ing power < 500 pW, and hysteresis width ~ 200 pW, tunable
via reference-light bias. Riel ez al.[*”! developed eight-layer p-
i-n-i-p or n—i—p—i structures showing electrical bistability with
gains ~ 103, conductance modulation from nS to mS at sub-
pW power levels, limited primarily by reverse dark current.

These innovations — leveraging spatial separation of ab-
sorption and detection zones — enable ultra-high gain, low-
power, and broadband optical switching. While early devices
were constrained by slow dynamic response, ongoing research
combining heterostructure engineering and advanced doping
control continues to push bistable and nonlinear n—i—p—i de-
vices toward practical integration.

5. 6-doping and doping superlattices in wide-
bandgap semiconductors

While DSLs in conventional III-V semiconductors are
primarily utilized to modulate effective bandgaps and enhance
optoelectronic nonlinearities in the infrared and visible spec-
tra, their application in wide-bandgap (WBG) systems ad-
dresses a fundamentally different and critical challenge: the
severe bottleneck of inefficient doping. As device applica-
tions extend into the deep-ultraviolet region and high-power
electronics, WBG materials such as AlGaN and diamond
suffer from deep impurity levels and extremely low room-
temperature activation efficiencies.[®8! The DSL architecture
provides an innovative solution to bypass these fundamental
thermodynamic limits.

5.1. Modulation doping in AlGaN superlattices

Aluminum gallium nitride (AlGaN), as an important
member of the ultra-wide bandgap semiconductor family, ex-
hibits great potential in optoelectronic and microelectronic
applications owing to its tunable bandgap (ranging from ~

3.4 eV for GaN to ~ 6.2 eV for AIN), high critical breakdown
field, high saturation electron drift velocity, and excellent ther-

2] However, com-

mal conductivity and chemical stability.
pared with the relatively mature n-type doping techniques, p-
type doping in AIGaN remains a formidable challenge, which
has severely limited the improvement of device performance
and the expansion of application fields.!"*! Achieving effi-
cient and stable p-type AlGaN has become one of the key bot-
tlenecks in advancing IlI-nitride semiconductor technology.
Magnesium (Mg) is currently recognized as the most promi-
nent p-type dopant for both AIGaN and GaN materials.[!*°]
The ionization energy (or activation energy) of Mg acceptors
in AlGaN is relatively large — typically on the order of sev-
eral hundred millielectronvolts — and increases further with
higher Al composition, due to the upward shift of the valence
band maximum. As a result, the hole concentration drops
sharply with increasing Al content. Moreover, the limited
solubility of Mg in AlGaN and the formation of Mg-H com-
plexes can further neutralize the doping effect. Consequently,
p-type AlGaN typically exhibits high resistivity, low hole
concentration, and poor hole mobility, which together hinder
the realization of high-performance electronic and optoelec-
tronic devices. To overcome these inherent difficulties asso-
ciated with conventional bulk p-type doping, researchers have
drawn inspiration from the successful application of modula-
tion doping techniques in other semiconductor systems (such
as GaAs/AlGaAs heterostructures) and have begun exploring
their applicability in AIGaN-based materials.!”%-71]

This chapter summarizes recent advances in p-type mod-
ulation doping within AlGaN/GaN superlattices, focusing on
the mechanisms, experimental progress, and challenges asso-
ciated with improving hole concentration, mobility, and con-

ductivity.

5.1.1. p-type modulation doping in AlIGaN/GaN super-
lattices

AlGaN/GaN superlattices have become an important plat-
form for achieving efficient p-type doping due to their unique
capability for band structure engineering and polarization con-
trol. In such structures, Mg dopants are selectively introduced
into the AlGaN barrier layers, while the GaN well layers re-
main undoped or lightly doped. The fundamental physical
mechanism relies on the bandgap difference between AlGaN
and GaN and the spontaneous and piezoelectric polarization
effects inherent to Ill-nitride materials, which together pro-
duce band bending at the heterointerface favorable for hole
accumulation and transport. [72-76-8]

One of the most critical advantages of this superlattice
design is its ability to effectively mitigate the long-standing
problem of the high activation energy of Mg acceptors in
wide-bandgap nitrides. In conventional bulk AlGaN, the deep
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Mg acceptor level (typically 250-350 meV above the valence
band maximum) limits hole generation at room temperature.
However, in the AIGaN/GaN superlattice configuration, the
strong polarization-induced electric fields at the heterointer-
faces cause significant valence-band bending, forming a po-
tential well for holes in the GaN well layer (Fig. 8). This
polarization field effectively lowers the relative energy dif-
ference between the Mg acceptor level in the AlGaN barrier
and the valence band edge in the GaN well, thereby reducing
the effective activation energy for Mg ionization. As a result,
holes ionized from Mg acceptors are efficiently transferred
into the GaN quantum wells, where the band alignment and
internal fields stabilize them, leading to a higher active hole
concentration.[ 78036871 Moreover, because the Mg ions re-
main spatially separated in the AlGaN barriers, impurity scat-
tering in the GaN wells is greatly suppressed, enhancing hole

mobility and improving overall conductivity. [81-84.88-911

(@)

-000C0C00C0000050000-F)

1 T —¢,

1 r

GaN AlGaN

GaN AIGaN

Fig. 8. Schematic illustration of the valence band shape for AIGaN/GaN
SLs.[72] (a) Without taking the strain effect into account, (b) with the
strain effect taken into account.

Theoretical calculations have strongly supported the
feasibility of p-type modulation doping in AlGaN/GaN
heterostructures.[6:15-16.7493-981 gchyubert er al.!’!! demon-
strated, both theoretically and experimentally, that Al-
GaN/GaN superlattices exhibit efficient p-type doping with re-
duced acceptor activation energies and improved conductivity.
Hackenbuchner et al. [ further revealed that spontaneous and
piezoelectric polarization can significantly enhance hole con-
centrations. Hsu et al.!'®! predicted that strain-induced polar-
ization fields can dramatically facilitate the transfer of holes
from the relatively deep Mg acceptor levels in AlGaN barri-
ers to the GaN wells, resulting in a two-dimensional hole gas
(2DHG) with sheet densities exceeding 102 cm~2 and low-
temperature mobilities surpassing 10* cm? -V~ .s~!. These
findings point to the enormous potential of p-type modulation-
doped AlGaN/GaN superlattices as high-mobility p-channel
materials.

Early experimental investigations have verified these the-

S [72,76,86,91]

oretical prediction For instance, Kumakura et

al.') reported that in an Al 15Gag gsN /GaN superlattice with
a period of 360 A (240 A/120 A), the sheet hole concentration
reached 8 x 10'? cm~2 (corresponding to a bulk concentration
of 3 x 10'® cm~3), confirming that a strain-induced piezoelec-
tric field (~ 1 MV/cm) tilted the valence band, lowered the
acceptor level below the Fermi level, and facilitated the trans-
fer of holes from Mg acceptors in AlGaN barriers to GaN
wells, thus enhancing acceptor activation. Subsequent stud-
ies analyzed how parameters such as superlattice period thick-
ness, Al composition, doping configuration (e.g., 6-doping
or barrier-layer doping), strain engineering (e.g., insertion of
AIN interlayers), and polarization fields influence the result-
ing hole concentration, resistivity, and mobility. For exam-
ple, Zheng et al.'®!l demonstrated that a multidimensional
Mg-doped superlattice could achieve a hole concentration of
3.5 x 10" cm™3 and a resistivity of 0.7 Q- cm, representing
several tens of times improvement over conventional superlat-
tice structures. Secondary ion mass spectrometry (SIMS) con-
firmed Mg accumulation near heterointerfaces with compara-
ble Mg-H ratios to traditional structures, indicating effective
activation. Atomic force microscopy (AFM) further revealed
pronounced surface steps favorable for vertical hole transport.

Similarly, Chen ez al.[3¢!

observed an effective hole mobility of
36.1 cm?-V~!.s7!, representing a 4.57 x improvement com-

pared with uniformly doped counterparts.

5.1.2. Applications of p-type modulation-doped AlGaN

The advancement of p-type modulation-doped AlGaN
has provided new insights into overcoming the long-standing
challenge of achieving p-type conduction in II-nitride semi-
conductor devices, with promising implications for several key
application areas.[*9-118]

One of the most direct and important applications is in
deep-ultraviolet (DUV) optoelectronic devices, particularly
DUV LEDs (Fig. 9).199-105.108.1091 1y DUV LEDs, the poor
p-type doping efficiency of high-Al-content AlGaN active re-
gions has long been a major bottleneck limiting internal and
external quantum efficiencies (IQE and EQE).['15] L ow hole
injection efficiency and high resistivity in p-type layers result
in high turn-on voltages, large series resistance, severe self-
heating, and reduced optical output power. The application
of p-type modulation doping in AlIGaN/GaN superlattices can
effectively enhance the hole concentration and mobility in Al-
rich AlGaN, thereby improving the conductivity of p-type lay-
ers, facilitating hole injection into the active region, reducing
series resistance and operating voltage, and ultimately improv-
ing overall device performance.!!16-1181

Figure 10 compares the performance distribution of five
representative studies across four dimensions: peak exter-
nal quantum efficiency (EQE), turn-on voltage, optical out-
put power, and efficiency droop stability. It clearly reveals
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Fig. 9. Schematic structures and performance characteristics of AlIGaN- and InGaN-based LEDs and N-polar AlGaN/GaN superlattice FETs.
(a) and (b) Structures and electroluminescence characteristics of AlGaN-based deep-UV LEDs, showing single-peak emission and current-
dependent EQE and LOP.!'%8] (¢) and (d) Structures and optical performance of green—yellow InGaN/GaN LEDs, including EL spectra, voltage,
LOP, and EQE as functions of injection current.['"*! (e) and (f) Schematics and electrical characteristics of N-polar AlGaN/GaN superlattice

FETs, comparing planar and FinFET configurations. 10!

the trade-offs between different technical routes and the core
bottlenecks yet to be overcome in the DUV LED field. Yao
et al.!""! reduced the turn-on voltage to a minimum of ap-
proximately 9 V through a polarization-enhanced superlattice
structure; however, their EQE remains limited to about 2%,
with an optical output power below 5 mW and mediocre droop
control. This reflects the fundamental constraints in material
quality and light extraction within the UVC band. The device
by Wang et al.!''% presents the most balanced profile, achiev-
ing an EQE of 4%—5% — the highest among the DUV devices
— and an optical output power of approximately 15 mW. Nev-

ertheless, the reciprocal of their efficiency droop is only about

1.5-2.0, indicating that maintaining efficiency under high cur-
rent density remains a significant weakness. Gu et al.['!”]
opted for an extreme technical route; while they achieved
the best efficiency droop control, it came at the cost of a
turn-on voltage skyrocketing to approximately 40 V and near-
zero optical power. This suggests that the use of extremely
thick electron-blocking structures effectively suppressed car-
rier overflow but severely sacrificed electrical injection effi-
ciency — a classic trade-off between electrical performance
and optical stability. The visible-light LED by Zhao et al.[%")
serves as a reference group, naturally outperforming all DUV

devices in EQE and output power. However, it shows no sig-
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nificant advantage in turn-on voltage or efficiency droop, illus-
trating that even mature visible-light technology still has room
for improvement. Wang et al.!''*! occupy a unique niche.
Their device achieved an EQE of approximately 4% and an
optical output power of about 20 mW. With a turn-on voltage
of 7-8 V and a superior efficiency droop reciprocal of about
3.0, their results validate that optimizing the superlattice pe-
riod thickness to the 1 nm scale allows for an optimal balance
between electrical injection, optical output, and high-current

stability.
Peak EQE(%)

15 —— 279 nm UVC-LED(Yifan Yao et al.)
—— 280 nm DUV-LED(Jiaming Wang et al.)
—— 284 nm DUV-LED(Wen Gu et al.)
—— 560 nm LED(Ying Zhao et al.)

10 - DUV LED(Tien-Yu Wang et al.)

Von(v) ' 1/EQE Droop

5 4.0

LOP(mW)

Fig. 10. Radar chart analysis of key performance metrics for LEDs with
modulation-doped p-type AlGaN superlattices. [8%:113.115.116,119]

Based on the research by Yao et al.,!''”! the performance
of 279 nm UVC LEDs is systematically governed by the
composition contrast, period thickness, total thickness, and
Mg-doping concentration of polarization-enhanced p-AlGaN
superlattices (SLs). Their findings reveal that increasing
the p-high/p-low Al-composition contrast from 60%/40% to
80%/20% triggers a 30-fold increase in hole concentration
(from 7 x 10'7 cm™3 to 2 x 10! cm™3), driving the exter-
nal quantum efficiency (EQE) from < 0.01% to 1.5%. How-
ever, further increasing the contrast to 95%/5% causes the
EQE to drop to 1.4% due to deteriorating interface rough-
ness (RMS increasing from < 1 nm to 3 nm) and increased
parasitic absorption. This identifies a 60% composition con-
trast as the critical balance point between ionization efficiency
and structural quality. Furthermore, while EQE remains rela-
tively stable (1.4%—1.6%) for period thicknesses between 1.34
and 3.4 nm, it plummets by 65% (at 80 nm) once the to-
tal thickness exceeds 40 nm due to strain accumulation and
light absorption. Mg-doping also exhibits a strict upper limit:
EQE peaks at 1.5% with a concentration of 4 x 10" cm~3,
but drops to 0.2% at 8 x 10'® cm™> due to the formation
of defects such as inversion domains. This underscores that
polarization engineering is superior to heavy chemical dop-
ing alone. Complementary research by Wang et al.l''3l on
p-Alx0.8Gax0.2N/Alx0.48Gax0.52N SLs elucidates the cou-
pling effect between period thickness and electro-optical per-

formance. With a fixed total thickness of 20 nm, reducing the
period from 4 nm to 2 nm lowers the forward voltage from
6.73 V to 6.46 V, boosts optical power by 15% (EQE: 2.58%
to 3.15%), and improves efficiency droop from 37% to 31%.
However, a further reduction to 1.32 nm weakens lateral cur-
rent spreading, causing the power gain to regress to 4.3% and
droop to rise back to 34%. This provides quantitative evidence
of the inherent trade-off in the anisotropic conductivity of su-
perlattices: shorter periods enhance longitudinal tunneling at
the expense of lateral current spreading, with a 1 nm/1 nm ratio
serving as the optimal balance. Additionally, the SL structure
exhibits significantly higher transmittance in the 250-280 nm
range compared to bulk materials, directly enhancing the light
extraction efficiency (LEE). (Fig. 11)

Synthesizing these quantitative laws, the design of p-
AlGaN superlattices must navigate multiple competing con-
straints:

(1) Composition contrast: Should be maintained within
the 50%-70% window (optimally around 60%). This provides
sufficient polarization fields to reach a hole concentration of
~2x 10" cm™3 while avoiding interface degradation and op-
tical loss.

(2) Aluminum content (p-low layer): Should not fall be-
low 20% to prevent 10%—30% parasitic absorption in the 260—
280 nm target band.

(3) Dimensions: Individual layer thickness should range
from 0.67 to 1.0 nm, with the number of periods maintained
between 20 and 30 pairs.

(4) Total thickness: Must be strictly limited to under
40 nm to balance the tension between longitudinal tunneling,
lateral current spreading, and strain accumulation.

Beyond DUV LEDs, p-type modulation-doped Al-
GaN also holds promise for II-nitride CMOS logic
circuits and p-channel high-electron-mobility transistors
(p-HEMTs).[106.107.110-112] * Achieving  high-performance p-
channel devices is crucial for constructing GaN-based CMOS
circuits and realizing low-power logic applications. The high-
mobility 2DHG provided by p-type modulation doping offers
an ideal channel material for p-channel field-effect transis-
tors (pFETs).[19] Krishna et al.!'%7) implemented nitrogen-
polar p-type GaN/AlGaN superlattices in wide-bandgap p-
FETs, achieving a maximum drain current (Ips max) €xceed-
ing 100 mA/mm — nearly 20x higher than that of planar
devices — confirming the suitability of N-polar GaN/AlGaN

112 demon-

SLs for high-performance p-FETs. Raj et al.!
strated an enhancement-mode (E-mode) p-channel MESFin-
FET based on GaN/AlGaN SLs, achieving an on-current (Ioy)
of 66 mA /mm, threshold voltage (Vi) of —0.6 V, and an on/off
ratio exceeding 107. The depletion-mode (D-mode) device
with 115-nm fin width achieved Io, =78 mA/mm, Vi, = 1.2V,

and an on/off ratio around 10*.
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tures at 350 mA.[113]

5.2. Diamond §-doping and doping superlattices

Diamond, as a wide-bandgap semiconductor with excep-
tional physical and chemical properties, has become a highly
promising material for next-generation high-power, high-
frequency electronic devices and quantum technologies.>-1%0]
Its outstanding attributes — including ultra-high carrier mo-
bility, excellent breakdown voltage, unmatched thermal con-
ductivity, and remarkable chemical stability — position dia-
mond as a leading candidate for future electronic systems.!
However, the practical implementation of diamond electron-
ics has long been hindered by challenges in doping technol-
ogy. The major difficulties lie in the absence of shallow
donors for effective n-type conduction and the high activa-
tion energy of boron acceptors, approximately 0.37 eV, for
p-type conduction.¥] Therefore, diamond currently faces the
same dilemma as AlGaN materials, namely the trade-off be-
tween high carrier concentration and high mobility. In con-
trast to AlGaN, boron §-doping (delta-doping) and p—i—p—i
structures in diamond utilize the insulator—metal (Mott) tran-
sition that occurs under extremely high boron concentrations,

1211 In this configuration,

leading to metallic-like conductivity.!
an atomically or nanometer-thick, heavily doped boron layer
Such &-doped

structures are designed to confine carriers within a very thin

forms a two-dimensional conductive sheet.

region while allowing the wavefunctions to extend into ad-

jacent undoped or lightly doped regions, thus reducing ion-

g.[122-1241 This concept aims to achieve

121,125]

ized impurity scatterin,
high carrier density without compromising mobility.!

I (b)~(c) Forward voltage, light output power, EQE, and efficiency droop characteristics for different superlattice period struc-

In diamond, boron §-doping specifically refers to the forma-
tion of nanometer-scale, heavily boron-doped layers to create
a 2DHG, providing a pathway for the development of high-
frequency diamond-based FETs and two-dimensional hole
devices.!1?3

To realize the atomic-scale precision required for boron
O-doping and p-i-p-i structures, researchers have primar-
ily employed advanced chemical vapor deposition (CVD)
techniques, particularly microwave plasma-assisted CVD
(MPCVD).[126-128] In many studies, multiple & -doped lay-
ers are grown to investigate the depth distribution of boron
concentration and Hall mobility. This configuration can be
regarded as a diamond p—i—p-i doping superlattice structure,
in which multiple § -layers are periodically introduced to en-
hance hole mobility. However, research on such diamond-
based p—i—p—i superlattices remains challenging and inconclu-
sive. Although boron §-layers with ideal doping profiles have
been successfully fabricated — as confirmed by secondary
ion mass spectrometry (SIMS) and transmission electron mi-
croscopy (TEM) — the experimentally observed hole mobil-
ity is significantly lower than theoretical predictions and shows
little improvement compared with uniformly doped samples of
similar average boron concentration. 1221241291331 Figyre 12
summarizes the current progress in the investigation of the
electrical properties of diamond doping superlattices, focus-
ing on the optimization of two key parameters: the J-layer
thickness and the steepness of the dopant concentration pro-

file at the interface. Theoretical analyses indicate that the
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thickness of the §-doped region must be significantly smaller
than the de Broglie wavelength of holes in diamond (approx-
imately 10 nm).!"3?! In addition, the boron concentration pro-
file should exhibit a highly localized §-function-like distribu-
tion along the growth direction. The characteristic length of
the concentration transition region should also be shorter than
the Debye length in diamond in order to enable the forma-
tion of a 2DHG.!"?* At present, most reported §-doped lay-
ers have thicknesses in the range of approximately 1-2.5 nm,
which is considered one of the key requirements for achiev-
ing high-mobility diamond doping superlattices.!'>*~133 Con-
siderable research efforts have therefore focused on achieving
highly abrupt doping interfaces. As a result, the steepness of
the dopant concentration profile has been improved to approx-
imately 0.5-1.5 nm/dec.[12%13%.132.133] However, these results
are primarily obtained through interface etching techniques.
For the growth of multi-period doping superlattice structures,
such etching-based approaches are generally impractical.
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Fig. 12. Carrier mobility at 300 K as a function of sheet carrier density
P, for various 6-doped semiconductor structures. Bubble size represents
the 8-layer thickness, while the color scale indicates the steepness of the
dopant concentration profile. Samples 1-5 and 7-10 correspond to data
reported in Refs. [130,133]. Samples S16, S19, S18, S09, S21, S23, E35-
14, S24, S12, and S12-1 correspond to data reported in Ref. [129]. Sam-
ples B, C, and S correspond to data reported in Ref. [132].

Recent theoretical analyses suggest that earlier models
may have underestimated the confinement potential of holes
within §-doped layers.!!>!l At extremely high boron concen-
trations (~ 102! cm™3), the strong Coulomb potential of ion-
ized boron atoms leads to a significant downward shift of the
valence band edge, producing a deeper quantum well than pre-
viously anticipated. This enhanced confinement suppresses
the spatial extension of hole wavefunctions into adjacent in-
trinsic regions, thereby weakening the intended reduction in
impurity scattering. Theoretical models predict that achiev-
ing a substantial mobility improvement would require metal-
lic 8-layers thinner than 0.5 nm with compensation ratios be-

[121.122,133] However, fabricating such

low approximately 42%.
ultra-thin, high-quality, and heavily doped layers remains ex-

perimentally formidable due to growth kinetics and surface

stability constraints. Apart from the confinement and doping
effects, several extrinsic factors further limit hole mobility in
6-doped diamond structures and p—i—p—i structures. The most
critical among these is interface quality. Ideally, §-doped lay-
ers should possess atomically sharp and smooth interfaces be-
tween the doped and intrinsic regions. In practice, finite gas-
switching response times, boron surface diffusion, and minor
substrate irregularities frequently lead to interface broadening

122,126-128,134] Apother major limiting factor is

or roughness.!
the presence of crystal defects, which act as scattering cen-
ters and carrier traps. These traps can significantly reduce
the effective carrier concentration and, consequently, the mea-
sured Hall mobility. Experiments have revealed a marked dis-
crepancy between the boron atomic sheet density (Npp) and
the hole sheet density (Ps) derived from Hall measurements
— where Nop values typically reach (14.3-19.9)x 103 cm~2,
while P; can be several orders of magnitude lower. This in-
consistency is generally attributed to incomplete ionization of
boron atoms or the existence of deep-level traps within or near

the 8-doped regions.!1%?!

6. Summary and outlook

Doping superlattices (DSLs) and d-doping techniques
have evolved into a versatile platform for precise control of
carrier distribution, band structure, and optoelectronic behav-
ior in both conventional and wide-bandgap semiconductor ma-
terials. Through the rational design of layer periodicity, dop-
ing concentration, and heterointerface band alignment, DSL
architectures — particularly n—i—p—i, n—p—n—p, and n—i—n-i
configurations — enable spatial separation of carriers and tun-
able subband structures, leading to long carrier lifetimes, re-
duced recombination rates, and adjustable optical responses.
These unique features have given rise to a broad range of
device applications, including high-efficiency solar cells, in-
frared photodetectors, electro-optic modulators, and negative-
differential-resistance transistors. The combination of opti-
cal and electrical tunability within DSLs has demonstrated
substantial potential for high-speed and radiation-resistant op-
toelectronic systems, as confirmed by numerous GaAs- and
GalnNAs-based prototypes. Moreover, d-doped and saw-
tooth superlattice configurations have proven highly effective
in achieving large electroabsorption modulation, tunable lu-
minescence, and broadband photoconductive gain, confirm-
ing that doping-superlattice engineering represents a general
physical framework for achieving simultaneously high mobil-
ity, high gain, and spectral tunability.

In WBG materials such as AlGaN and diamond, these
doping-superlattice concepts have been successfully extended
to overcome fundamental doping limitations. In AlGaN, the
high activation energy of Mg acceptors restricts hole genera-
tion, leading to low conductivity and poor efficiency in DUV
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emitters. By employing short-period superlattices or 8-doped
barrier layers, the ionization energy of Mg can be effectively
reduced through polarization-induced band bending, enabling
hole transfer into adjacent GaN wells and thereby improving
p-type conductivity and injection efficiency. This mechanism
mirrors the modulation-doping principle in III-V heterostruc-
tures, providing enhanced hole mobility and reduced com-
pensation in Al-rich AlGaN. As a result, p-type modulation-
doped AlGaN superlattices have demonstrated significant per-
formance improvements in DUV LEDs, p-channel HEMTs,
and CMOS logic devices.

For diamond, boron §-doping and p—i—p—i doping super-
lattices offer an analogous strategy to form 2DHGs with high
carrier density and mobility. These approaches exploit the
Mott transition and the unique potential profile of ultra-thin,
heavily boron-doped layers to spatially decouple holes from
ionized impurities. However, despite substantial theoretical
progress, experimental realizations still face major challenges
— particularly in achieving atomically abrupt interfaces, min-
imizing boron compensation, and maintaining crystal perfec-
tion. Addressing these issues requires advances in plasma-
enhanced CVD growth, in-situ surface control, and nanoscale
dopant characterization.

Looking forward, future developments in diamond-based
DSLs may extend beyond boron to address the long-standing
difficulty of realizing stable n-type conduction. The n—i—n—i
superlattice architecture, analogous to the n—i—p—i system but
composed solely of donor-doped and intrinsic layers, could
provide a promising route to mitigate the deep donor activa-
tion energy of phosphorus in diamond. By engineering alter-
nating heavily phosphorus-doped (n) and intrinsic (i) layers,
the built-in electrostatic potential could facilitate field-assisted
donor ionization and spatial confinement of electrons in po-
tential wells, effectively forming a quasi-2DEG. Such struc-
tures may reduce the effective activation energy of phospho-
rus donors through band-edge modulation and quantum con-
finement, while preserving high electron mobility by separat-
ing free carriers from ionized centers. Coupled with optimized
hydrogen termination, strain control, and interface passivation,
the n—i—n—i concept offers a feasible pathway toward achiev-
ing n-type diamond with practical conductivity — potentially
enabling all-diamond pn junctions, high-frequency transistors,
and radiation-hard electronic platforms.

In summary, doping-superlattice engineering provides a
unifying physical and technological foundation for achieving
high-mobility, high-efficiency, and tunable semiconductor de-
vices across both narrow- and wide-bandgap material systems.
For AlGaN, it effectively lowers acceptor activation energies
and enhances p-type transport; for diamond, it opens new op-
portunities to overcome the bottlenecks of both p- and n-type
doping. Continued interdisciplinary progress — spanning epi-

taxial growth, first-principles theory, and device integration —
will be crucial to translating these advances from fundamen-
tal research to scalable, next-generation optoelectronic and
power-electronic technologies.
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