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Polariton design andmodulation via van der
Waals/doped semiconductor
heterostructures

Mingze He 1,9, Joseph R. Matson 2,9, Mingyu Yu3, Angela Cleri4, Sai S. Sunku5,
Eli Janzen6, Stefan Mastel7, Thomas G. Folland 8, James H. Edgar 6,
D. N. Basov 5, Jon-Paul Maria4, Stephanie Law 3,4 & Joshua D. Caldwell 1,2

Hyperbolic phonon polaritons (HPhPs) can be supported in materials where
the real parts of their permittivities along different directions are opposite in
sign. HPhPs offer confinements of long-wavelength light to deeply sub-
diffractional scales, while the evanescent field allows for interactions with
substrates, enabling the tuning of HPhPs by altering the underlying materials.
Yet, conventionally used noble metal and dielectric substrates restrict the
tunability of this approach. To overcome this challenge, here we show that
doped semiconductor substrates, e.g., InAs and CdO, enable a significant
tuning effect and dynamic modulations. We elucidated HPhP tuning with the
InAs plasma frequency in the near-field, with a maximum difference of 8.3
times.Moreover, the system can bedynamicallymodulated by photo-injecting
carriers into the InAs substrate, leading to a wavevector change of ~20%.
Overall, the demonstrated hBN/doped semiconductor platform offers sig-
nificant improvements towards manipulating HPhPs, and potential for engi-
neered and modulated polaritonic systems.

Due to the long free-space wavelength ofmid- to far-infrared (IR) light,
the realization of deeply subdiffractional photon confinement via the
stimulation of polaritons1 is critical for flat IR nanophotonic applica-
tions, such as miniaturized optical components2,3, on-chip photonics,
polariton waveguides4 and nanolasers5. Specifically, hyperbolic polar-
itons supported in extremely anisotropic media, i.e., those featuring
permittivity tensor components with opposite signs along different
optical axes, can offer significant promise for many nanophotonic
applications6 where stronger confinement and improved control over
propagation is beneficial. Applications of these properties include
hyperlensing7–9, metasurface-based optical components10, quantum
optics11, and probes of nanoscale defects12. While hyperbolicity was

first demonstrated with artificial dielectric/metal stacks8, it was later
discovered that a list of naturalmaterials1,13, including hexagonal boron
nitride (hBN14,15), MoO3

16,17, V2O5
18, support hyperbolic phonon polar-

itons (HPhPs). These opportunities are further expanded within low
symmetry systems as demonstrated by the report of so-called ‘Ghost-
polaritons’ in off-cuts of calcite19 and hyperbolic shear polaritons in
monoclinic crystals such as β-Ga2O3

20. Such HPhPs in natural crystals
feature exceptionally low optical losses21–23, as the polaritons are
derived from optic phonons22,24 instead of scattering from free
carriers25.

Although HPhPs are volume-confined, they can still interact with
the local environment through the evanescent field, and HPhP
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wavevectors are demonstrated to be tuned and engineered by chan-
ging the substrate permittivity in a list of studies4,26–31, with this effect
having been generalized by ref. 26 On this track, one could use
dynamic materials such as phase change materials4,28,32 and
graphene33–38 to actively modulate the HPhPs supported in the het-
erostructure. Additionally, HPhPs propagating across domains with
varying permittivities will be refracted, with the behavior described by
Snell’s law26 and the continuity of tangential components of the
wavevectors. With those fundamentals, patterned substrates can be
used tomanipulate polaritons supported in pristine hyperbolic media,
such as polaritonic refraction26,32,39 (e.g., prism and lensing), structured
HPhPs4,32,40 (e.g., waveguiding), photonic crystals41,42 and accelerated
HPhPs43. Like dielectric optics, those effects rely on wavevector dif-
ferences for the HPhPs over different substrate regions, and some
results can be enhanced with more significant contrast43. Additionally,
the platform is ideally flat, as placing thin vdW materials over uneven
surfaces (e.g., silicon pillars) will modify the morphology and/or
induce strain44 and scattering45. However, all existing demonstrations
have either used 3D structures to induce a large contrast in the
wavevectors, e.g., silicon versus air (etched silicon40), or provided
fundamentally limited polaritonic wavevector change (~1.6 times for
phase change materials4,32 and ~1.2–2 times for graphene/hyperbolic
media33–38). Therefore, it is prudent to search for a platform that pro-
vides a planar surface and sufficient wavevector contrast that can be
actively controlled.

Here, we demonstrate a hyperbolic material/doped semi-
conductor platform capable of controlling HPhPs with large tuning
range with ultralow surface roughness (sub-nanometer). This platform
allows for nearly continuous tuning of HPhP wavevectors, with max-
imum contrast of ~8.3 times being experimentally demonstrated in the
near-field. This doubles the value that can be achieved with noble
metals and dielectrics. Moreover, we illustrate a sharp modal order
transition when the plasma frequency of the doped semiconductor
passes through the transitional frequency, leading to a wavevector
discontinuity suitable formodulation and sensing applications. Finally,
we show that the hBN/doped semiconductor systemcanbemodulated
by photo-injection, with an experimentally demonstrated polaritonic
wavelength change of ~20% on a picosecond timescale. Although we
focus primarily on uniformly doped semiconductors, we provided a
proof-of-concept demonstration of hBN over in-plane varying plasma
frequency with tuned wavevectors, offering significant freedom to
manipulate HPhPs along a planar surface. Importantly, the platform is
not limited to hBN, as plasma frequencies of doped semiconductors
can be tuned over an extended range of frequencies for other hyper-
bolic materials (e.g., α-MoO3), providing a significant toolbox for
manipulating HPhPs.

Results
Concept of tuning HPhPs via substrate permittivity
Although HPhPs are volume-confined modes, they remain sensitive to
the local environment4,26–31, e.g., the dielectric function of the sub-
strate. The dependence of HPhP wavevectors (kHPhP) over substrate
permittivity can be described by an analytical solution14:

k ωð Þ= k0 + ik00 = � ψ
d
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where d represents the hBN thickness, ɛo and ɛs the complex dielectric
functions of the superstrate (air here) and the substrate, respectively,
and ɛt and ɛz are dielectric functions of hBN along the in and out of
plane axes. l is non-negative integer representing theHPhPmodeorder
(0,1,2…), as infinite modes can be supported in hyperbolic systems
simultaneously, andwe here focus on the supportedmodewith lowest
wavevector (referred to as fundamental mode14,21) because it usually is
dominating in both near- and far-field studies. Note that the substrate-

inducedwavevector difference is independent of hBN thickness, as Eq.
(1) can be written in the following form:
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For a hBN/doped semiconductor heterostructure, the HPhPs
supported can be indirectly engineered by changing the carrier con-
centration (therefore the plasma frequency, ωp, and dielectric func-
tion) of the underlying doped semiconductors, even with same hBN
thickness. Therefore, HPhPs propagating in different domains possess
different wavevectors, as shown in the schematic in Fig. 1a.

We first demonstrate the substrate-induced polariton tuning with
a hBN/InAs heterostructure. To this end, we grew InAs samples with
different ωp by controlling the as-grown dopant concentration and
transferred hBN slabs onto these InAs substrates. We then utilized
scattering-type scanning near field microscopy (s-SNOM) to measure
the HPhP dispersion via a standard procedure, and some exemplary
data analyses are included in Supplementary Note 1. To minimize the
role of hBN thickness in dictating HPhP wavevectors, similar hBN
thicknesses (~51–55 nm) were used in this set of comparisons. The
calculated dispersion plots along with the experimentally extracted
data points validate that HPhP dispersions can be manipulated by
varying the InAs ωp (Fig. 1b–d). Notably, the HPhP modal number in
those systems are different: l =0branch is only supportedwhen InAs is
dielectric (Fig. 1b, c versus Fig. 1d). Since the l =0 branch is an even
mode, themetallic substrate forbids the existenceof thismodeprofile,
with details greatly discussed in the ref. 27. Thus, the kHPhP supported
by uniform hBN can be engineered by the underlying doped semi-
conductor, for applications such as far-field resonators4,26 or the near-
field polariton propagation4,26,32,39–41,43, so that etch-induced material
damage to hBN can be avoided.

While it is possible to tune HPhPs by adjusting the substrate
dielectric function, quantitative analysis of the dependence of the
kHPhP upon the substrate permittivity is required enable the engi-
neering of devices using this concept. Due to the substantial variation
in hBN thickness between exfoliations, we discuss the influence of
substrate permittivity (εs) on normalized wavevector k ωð Þd in Eq. (2),
as shown in Fig. 2. Notably, l =0 branch is only supported when on a
dielectric substrate, and it is forbidden over ametallic substrate due to
the mirror symmetry27. Consequently, for the fundamental mode, the
modal orders are different: l =0 (low confinement) for dielectric sub-
strates and l = 1 branch (high confinement) for metallic substrates.
Notice that the cut-off of l =0 branch happens at Re(εs) = -εsuperstrate
(air in our case) instead of Re(εs) = 0, andmore related discussions are
included in Supplementary Note 2. Furthermore, the wavevectors can
also be manipulated by changing the substrate permittivity even
within the same modal branch: increasing Re(εs) leads to reduced
kHPhP. Importantly, the majority of kHPhP values are realized within a
small range of Re(εs) (between −10 and 10), encompassing both the
highest and lowest kHPhP values and resulting in the largest polaritonic
refraction effects.

While the tunability of HPhPs via substrate is promising, tradi-
tional metallic substrates (noble metals) do not provide access to the
high wavevector range, as they exhibit |Re(εs)| over 100 in the mid-
infrared. Quantitatively, themaximumwavevector contrast achievable
with noblemetals and dielectrics (air in this comparison) is 4.2 times at
1500 cm−1. To exploit the tunability of HPhP wavevectors, here we
employed doped semiconductors, with the plasma frequencies tuned
frombelow to above the Reststrahlen band of hBN. Therefore, we used
InAs47 and cadmium oxide (CdO46) as substrates, with achievable
plasma frequencies being 500–2000 cm-1 and 1500–15,000 cm-1,
respectively. Experimentally, we grew InAs and CdO substrates with
varying ωp, and h10BN flakes21 were transferred onto them, with kHPhP
measured and extracted by Fourier analysis (Supplementary Note 1).
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The experimental data are plotted as symbols in Fig. 2, showing
excellent agreement with analytical solutions. Notably, with InAs sub-
strates, we experimentally obtained both the highest and lowest kHPhP
at 1500 cm-1, with a kHPhP difference of ~8.3 times, which could be used
to exploit polaritonic in-plane refractive behavior. We further com-
pared different strategies of controllingHPhPs and concluded that our
strategy provides the largest tunability and it could be universally
applied to other hyperbolic systems (Supplementary Table 1).

With doped CdO and InAs, we have unlocked almost the entire
potential of controlling the kHPhP through tuning substrate permittiv-
ity, with only a small range of kHPhP not accessible (~13%), where high
refractive index dielectrics (|Re(εs)| > 10) would be required. Unlike
noble metals, which typically feature high surface roughness47 (unless
realized via specialized growth47 and/or fabrication45), the doped
semiconductors employed here possess low surface roughness (below
1 nm, Supplementary Note 3), which is crucial for HPhP platforms45,47.
Importantly, semiconductors with varying in-plane ωp can be realized
(Supplementary Note 4), and we experimentally demonstrated that
HPhPs supported in a hBN slab exhibit different wavevector in differ-
ent domains, further facilitating the manipulation of HPhPs for appli-
cations like waveguiding4, lensing32 and resonators4. Therefore, those
doped semiconductors can serve as ultrasmooth platforms to enable
the tuning of HPhPs over an extended range of kHPhP.

Modal order transition in hBN/InAs heterostructures
To realize practical devices using doped semiconductor platforms, we
must develop an understanding of the dependence of the wavevector
on the substrateωp. In particular, the hBN/InAs heterostructure offers
an ideal tuning range for engineering the HPhPs. To that end, we

Fig. 2 | Full control of HPhP wavevector (kHPhP) with doped semiconductors.
The normalized kHPhP varies with the real part of the permittivity of the substrate
(Re(εs)). All curves are calculated by Eq. (2),while all symbols are experimental data.
Colored shadows indicate the tunable range of kHPhP with that substrate with
achievable doping. Solid symbols represent fundamental modes, while open sym-
bols represent high-order modes. Data with dielectric (metallic) InAs are plotted
with black (purple) stars. DatawithmetallicCdO are plottedwith purple rectangles.
Note that all noble metals lead to nearly identical kHPhP, and the color box on the
y-axis is extended for visualization purposes. Due to the accessible carrier con-
centration and high-frequency permittivity values, the tuning range of Re(εs) of
InAs and CdO are −10 to 10, and −100 to −1, respectively. All data above the hor-
izontal dashed line are HPhPs with modal order above 0 (l >0).

Fig. 1 | Tuned hyperbolic phonon polariton (HPhP) dispersion of hexagonal
boron nitride (hBN)/doped semiconductor heterostructure by controlling
semiconductorplasma frequency (ωp). a Schematic of the platform. For the same
hBN, the HPhP wavelength changes as a function of the plasma frequency of the
semiconductor. hBN is represented with multi-layer hexagonal structures, with
HPhPs shown as waves over it. In this example, the InAs on the right side (magenta
color) is metallic with sufficiently high carrier concentration, shrinking the HPhP

wavelength. b–d Tuned HPhP dispersions by InAs plasma frequency. The plasma
frequencies are noted on the corresponding panels, and we selected nearly iden-
tical thicknesses of hBN (51 nm, 51 nm and 55nm respectively) to minimize the
thickness dependence. The contour plots (imaginary part of near-field reflection,
Im (rp)) and dashed curves are calculated by transfermatrixmethod (TMM) and Eq.
(1), respectively, and the triangles are extracted from s-SNOM data. The modal
orders (l) are denoted on the corresponding HPhP branches.
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calculated how kHPhP changes with InAs ωp, at a working frequency of
1500 cm−1, as shown in Fig. 3a. When the InAs carrier concentration
increases such that the ωp surpasses the excitation (working) fre-
quency, InAs exhibit a change from a dielectric to metallic behavior
(gray and magenta shaded in Fig. 3a, respectively). This dielectric to
metallic evolution of the substrate further induces aHPhPmodal order
transition from l =0 to l = 1 branch, leading to the wavevector dis-
continuity (Fig. 2). Additionally, in both dielectric andmetallic regimes
(gray and magenta shaded in Fig. 3a, respectively), an increase in InAs
ωp causes a decline in Re(εInAs), resulting in a monotonical decrease in
kHPhP. By correlating kHPhP with InAs ωp, HPhP propagations can be
manipulated with designable wavevectors over different domains, for
both polaritonic refraction devices and/or resonators with significant
design freedom. It is important to note that both minimum and max-
imum kHPhP occur around the transitional point, with 8.3 times differ-
ence being experimentally demonstrated.

Since the InAs permittivity is dispersive, the modal transition can
also occur in the frequency domain. When the InAs Re(εs) passes
through −1 within the Reststrahlen band of hBN, a modal order tran-
sition occurs, splitting the fundamental HPhPs into two supported
modal orders, as shown in Fig. 3b. As such, the dispersion plot features
highly confined HPhPs below the transition frequency (l = 1 mode),
while showing reduced confinement of theHPhPs above it (l =0mode)

(Fig. 3b). By using an InAs sample with a ωp at a frequency within the
Reststrahlen band, we experimentally demonstrated the transition
discontinuity (Fig. 3b, green triangles), with good agreement with
calculations. Note that the modal order transition (i.e.,
atan εo

εtψ

� �
+ atan εs ðωtranÞ

εtψ

� �
=0) derived from Eq. (2) is thickness inde-

pendent, yet it slightly varies with thickness when hBN is thicker than
150 nm, since the large wavevector assumption is invalid (Supple-
mentary Note 5). The dispersion is analogous to two stacked hyper-
bolic dispersions, and we observed intriguing behaviors in both
frequency (coexisting absorption and reflectionmodes) and real space
(guiding in different regions at different frequencies) in numerical
simulations (Supplementary Note 6).

The modal order transition criteria can be generalized for both
the InAs ωp (substrate-tuning) and modified working frequency, as
shown in Fig. 3c. A clear transition line distinguishes the two modal
orders, separating kHPhP into two regimes: one with highly confined
HPhPs (right side) and one supporting less confined modes (left). At
any transition point, the modal order transition could happen if the
InAs ωp or the working frequency is changed, i.e., along the InAs ωp

axis or wavenumber axis in Fig. 3c, respectively. Three representative
s-SNOM images showing the highly and poorly confined HPhPs are
presented in Fig. 3d, clearly showing the transitions. As a consequence
of the modal order transition and wavevector discontinuity, around

Fig. 3 | Modal order transition of HPhPs in hBN/InAs heterostructure. a The
relationship between normalized kHPhP and InAsωp. All curves are calculated by Eq.
(1), while all symbols are experimental data. Solid symbols represent fundamental
modes, while open symbols represent high-order modes. Data with dielectric
(metallic) InAs are plottedwith black (purple) symbols. The colored shades indicate
whether InAs behaves as dielectrics or metals. b The modal order transition
observed in the frequency domain. The contour plot is calculated by TMM and
triangles are experimental data. For experimental data points above the transitional
frequency, a different method is employed to extract wavevectors due to high
polaritonic loss, and details are given in Supplementary Note 7. The yellow dashed
curve is calculated with the analytical solution (Eq. (1)). c kHPhP at different

wavenumber and InAs ωp, with larger kHPhP plotted with the brighter color. The
modal order clearly transits when InAsωp passes the Reststrahlenband of hBN, and
the transition is notedwith the green dashed curve.dThree representative s-SNOM
images (optical amplitude, S) plotted with the same scale bar showing the engi-
neered kHPhP. The corresponding working frequency and InAs ωp are noted as
numbers in the (c). While the hBN thickness in subpanel−1 is 51 nm, the hBN
thickness in subpanel-2,3 is 75 nm. The normalized wavevectors for the three
subpanels are 0.235, 1.35, and 0.24, respectively. The nature of this tuning is the
interaction between the evanescent field of HPhPs and the substrate, as indicated
by the Eq. (2), and intuitively shown in Supplementary Fig. 18.
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the transition line, kHPhP experiences large variations with perturba-
tions to the working conditions, e.g., InAs ωp, working frequency, and
local environment (Supplementary Note 8). Therefore, a HPhP system
working around the transition point, such as resonators, can be
modulated effectively and/or used for refractive index sensing. It is
important to note that high loss is associated with the large modula-
tion depth around the transitional point, while it could bemitigated in
certain applications (Supplementary Note 9). Note that for any work-
ing frequency inside the Reststrahlen band of hBN, there is a corre-
sponding InAs ωp to enable this transition, while such tunability of
InAs48 lends this concept to be expanded toother hyperbolicmaterials,
e.g., MoO3.

Ultrafast modulation of HPhPs
Besides manipulating HPhPs in static structures, the hBN/doped
semiconductor platform also enables the dynamic modulation of
HPhPs. Both permittivity tensors of InAs and CdO can bemodulated at
the surface by electrical biasing49 and photo-carrier injection50,51, and
here we demonstrate ultrafast modulation in a hBN/InAs hetero-
structure. When a ~100-fs, 80-MHz repetition rate pulsed laser source
at 0.78 eV (1590 nm free-space wavelength) irradiates the hBN/InAs
heterostructure, the photons will only be absorbed by InAs since it is
above InAs bandgap (0.35 eV), yet well below that of hBN (5.95 eV)52.
This process will generate a surplus of free-charge carriers at the InAs
surface, locally increasing ωp with a rise time below 1 ps, while those
free carriers will subsequently recombine with a lifetime of ~8 ps, as
shown in Fig. 4c. Because of this locally modulated InAs ωp, kHPhP

values supported in the hBN/InAs heterostructure canbemodulated at
picosecond timescales.

To experimentally demonstrate suchmodulation,we conducted a
near-field pump-probe measurement on one of the hBN/InAs hetero-
structures, with the detailed set-up provided in the Methods. Before
thepump signal arrives (pre-pump), weobserve a polaritonwavelength
of ~1.15 µm at 1450 cm−1 for the HPhPs supported, with the InAs ωp at
990 cm−1. When the pump arrives (at-pump), the InAsωp at the surface
is shifted to a higher frequency (1150 cm−1), leading to a decreased
kHPhP as mentioned, and we experimentally observe a stretched
polariton wavelength by ~20% (~1.37 µm). Since the time constant of
modulated InAs ωp is ~8 ps, the modulated HPhP wavevector recovers
within a similar temporal scale. Experimentally, the polaritonic beha-
vior (λHPhP = 1.29 µm) relaxes to a state between pre-pump and at-pump
after 7 ps of the pump signal (green curve in Fig. 4a). Those effects are
alsomanifested in thedispersionplots extracted fromnano-FTIR scans
(Supplementary Note 10). Importantly, the InAs ωp was pumped from
990 cm−1 to 1150 cm−1, which are both well below the transition point
discussed above. Therefore, we expect a stronger modulation if an
InAs ωp is modulated to surpass the transition frequencies and to
induce modal order transitions. Note that in the ultrafast modulation,
the only parameter changed in the system is the plasma frequency of
InAs, i.e., the εs; thus, the modulation ratio (kmodulated

kstatic
) is independent of

hBN thickness.
In addition to the modification of the polariton wavelength, we

can also monitor how the resonant frequency of a given HPhP system
change when the InAs is pumped. For a proof-of-concept

Fig. 4 | Ultrafast modulation of HPhPs. a, The line profiles extracted from
pump-probe nano-FTIR scans at different time delays. The noisy curves are raw
data, and we used a double-damped sine-wave function to extract the HPhP
wavelengths (noted in the panel), with the fitted data plotted as thick curves, and
the procedurewas introduced in ref. 18. The error bars of all fittings are between 10
and 20nm,which is significantly smaller than the polaritonwavelengthmodulation
(200nm). The arrows indicate polariton wavelengths, showing a clear shifting.
b The ultrafast nano-FTIR probed at a constant spatial position (~0.35 µm from the
edge, kHPhP≈ 7 × 104cm−1). Since the distance from the edge (dx) does not corre-
spond to λp/2, the kHPhPwas determined by correlating the peak frequency with the
dispersion plot. The dashed reference lines denote the static peak position and the
zero-time delay, respectively. At this constant dx, the corresponding kHPhP is not
expected to change as all the dx in (a) are ~0.45 times of polariton wavelength (λp).

The data here are processed with FFT filters to remove noise, and the raw data and
signal process can be found in Supplementary Note 11. Another measurement at a
different location shows a similar outcome (Supplementary Fig. 19). Note that the
high optical amplitude at 1400 cm−1 is the TO phonon of hBN, and it was not
modulated in our configuration. c The ultrafast nano-FTIR measurements on InAs
substrate. The reflection dip position is correlated to the plasma frequency of InAs,
and the dielectric function fitting in the near-field can be found in Supplementary
Fig. 14. The InAs static plasma frequency is 990 cm−1, while the plasma frequency at
pump is ~1150 cm−1, and the hBN thickness is 55 nm. In the pump-probe setup, we
approximate the InAs as uniformly pumped (valid for our system as discussed in
SupplementaryNote 12), and the transient InAs plasma frequencieswere fittedwith
nano-FTIR spectra with a finite dipole model, and more details can be found in
Supplementary Note 12.
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demonstration, we measured the nano-FTIR spectra at a spatial posi-
tion ~0.35 µm from the hBN edge, which corresponds to a constant
wavevector of HPhP system (k ≈ 7 × 104cm−1) for tip launched mode,
and the frequency amplitude peaks indicate the modal frequency.
When InAs ωp is increased, the wavevector at a fixed frequency is
reduced; therefore, for a constant wavevector, the corresponding
frequency blueshifts. Experimentally, the modal frequency indeed
experienced a blue shift when the InAs was pumped, with a time
constant of ~6 ps. This implies that we can modulate HPhP resonators
at ultrafast time scales with un-pumped phonon materials for poten-
tially lower loss, and the ultrafast switching of HPhPs has important
implications for device applications in modulated optical sources53,
beacons and other areas. Importantly, we do not pump the polaritonic
material itself (unlike reference where polar materials are directly
pumped54),which canbea challengedue towidebandgaps52,55, andour
approach can be universally applied to other HPhP supporting mate-
rials. Our approach thereby offers a great degree of flexibility in terms
of doped substrates, as well as other hyperbolic materials, and could
provide a foundation for more complex heterostructures.

Discussion
In summary, we proposed and demonstrated a hyperbolic material/
doped semiconductor platform to manipulate HPhPs with doubled
tuning range compared with previous demonstrations. Our hetero-
structure platform offers significant improvements by providing access
to almost all (~87%)possibleHPhPwavevectors,withbothmaximumand
minimum values accessible (~8.3 times difference experimentally
demonstrated). This is in contrast to conventional noble metal and
dielectric substrates that only provide access to discrete wavevectors
with limited differences (~4.2 time). Moreover, when the plasma fre-
quency of the doped semiconductor passes through the polariton fre-
quency, a sharp modal order transition of HPhP will happen, and the
HPhP system is sensitive to the local environment around the transition
point, which could be used for sensing and modulation purposes.
Finally, we demonstrate an ultrafastmodulation of HPhPs at picosecond
time scales by photoinjecting free carriers into semiconductors, with a
polaritonic wavelength change of ~20%. Our approach demonstrates a
highly feasible toolkit to control HPhPs with large tunability (Supple-
mentary Table 1). Importantly, the rise time of the system (below 1ps) is
relatively short comparedwith the group velocity ofHPhPs, which could
potentially lead to time-varying effects as demonstrated in radio-
frequencies56. Therefore, it could potentially be a platform to explore
spatial-temporal effects in the real space, yet significant efforts are
needed. With advances in semiconductor manufacturing, enabling fur-
ther reducedohmic losses and in-plane variations in doping57, we expect
doped semiconductors to be an increasingly important platform to
manipulate HPhPs, in both the near- and far-fields. Importantly, the
concept is not limited to hBN, and these effects can be realized over an
extended spectral range and hyperbolic materials (e.g., α-MoO3

16, β-
Ga2O3

20, calcite19), opening a toolbox to manipulate in-plane HPhPs.

Methods
Device fabrication
In-doped CdO (n-type) was deposited on 2-inch r-plane (012) sapphire
single crystal substates at 400 °C by a reactive co-sputtering process
employing high-power impulse magnetron sputtering (HiPIMS) and
radio frequency (RF) sputtering from 2-inch diameter metal cadmium
and indium targets, respectively. HiPIMSdrive conditionswere800-Hz
frequency and 80-μs pulse time, yielding a 1250-μs period and 6.4%
duty cycle. Film growth occurs in amixed argon (20 sccm) and oxygen
(14.4 sccm) environment at a total pressure of 10mTorr. Post-deposi-
tion, samples were annealed in a static oxygen atmosphere at 635 °C
for 30min.

Si-doped InAs (n-type) was grown by molecular beam epitaxy
(MBE) on the epi-ready GaAs (100) substrates, using a VeecoGENxplor

MBE in the University of Delaware Materials Growth Facility. In this
system, the substrate temperature was measured by a band edge
thermometer and the source flux was monitored as beam equivalent
pressure (BEP). It provides an ultra-high vacuum environment with
pressures as low as 1 × 10-10Torr for growth. GaAs substrates were fully
deoxidized at 620 °C prior to growth. To prepare a smooth surface for
the growth of Si-doped InAs, a GaAs buffer layer with a thickness of
100nm was deposited at 580 °C first. Thereafter, the substrate was
cooled to 420 °C. Then the Si-doped InAs layer was grown by opening
the Si, In, As, and Bi source cells simultaneously. The As2:In BEP ratio
and growth rate were kept around 20, and 1.7 um/h, respectively. A
small amount of Bi (In:Bi BEP ratio was 50)was added as a surfactant to
suppress the segregation of Si dopants on the surface58. The Si doping
concentration was varied by changing the Si flux while using the same
growth rate. The doping density and carrier mobility were detected by
room-temperature Hall effect measurements in a van der Pauw
configuration.

The doping concentrations in CdO and InAs were controlled
during the growth process, and the carrier concentrations used in the
Drude model (Eq. S1) were first estimated by room-temperature Hall
effect measurements. Then we used FTIR to measure the reflection of
those samples to fine tune the plasma frequency and scattering rate.
Four representative FTIR fittings are shown in Supplementary Fig. 17.

ε ωð Þ = εs 1� ω2
p

ω2 + iωΓ

 !
ð3Þ

where εs is the relatively permittivity of the undoped semiconductor,
and ωp is the plasma frequency, and Γ is the scattering rate.

10B enriched hBN (~99% enriched21,59) flakes were exfoliated and
transferred onto the InAs andCdO substrates using low contamination
transfer techniques. The hBN crystals were grown with a boron source
that was nearly 100% 10B isotope, as previously described60.

Calculations
In our heterostructures, the doped semiconductors are treated as
substrate, as they are significantly thicker (~500nmor 1 µm thick) than
the evanescent field of HPhPs. The analytical solution is calculated by
Eq. (1) in the main text, and the contour plots in Figs. 1, 3b are calcu-
lated by the transfer matrix method.

Near-field measurements
Near-field nano-imaging experiments were carried out in a commercial
Neaspec (www.neaspec.com) s-SNOM and nano-FTIR based around a
tapping-mode atomic force microscope. A metal-coated Si-tip of apex
radius R ≈ 20nm that oscillates at a frequency of Ω ≈ 280 kHz and
tapping amplitude of about 70 nm is illuminated by a laser beam
(probe laser, in the mid-infrared) at an angle 60° off normal to the
sample surface. Scattered light launches HPhPs in the device and the
tip then re-scatters light (described more completely in the main text)
for detection in the far-field. Background signals are efficiently sup-
pressed by demodulating the detector signal at harmonics of the tip
oscillation frequency and employing pseudo-heterodyne interfero-
metric detection.

Static measurements. For static measurements, the incident beam is
from a single-frequency quantum cascade laser. The laser frequency
can be tuned, and s-SNOM mapping were conducted in a single-
wavelength measuring scheme. We extracted the second harmonic
signal for the nano-FTIR data, while for s-SNOM we used the 3rd har-
monic to attain more near-field information. The AFM tapping ampli-
tude was ~100 nm pre-approach, while the tapping amplitude during
measurement was ~60–80 nm.We further characterized the approach
curve for tapping amplitude of 75 nm and 115 nm respectively, and the
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3rd harmonic signals are both dominated by the near-field signal
(Supplementary Fig. 20).

Ultrafast measurements. For ultrafastmeasurements, the probe laser
is a pulsed broadband (~1000–2000 cm−1) difference frequency gen-
eration laser (fiber laser), and the pulse width is ~200 fs after con-
sidering the dispersion of beam splitter. The pump laser is a pulsed
single-frequency laser at 1590 nm, and the pulsewidth is ~100 fs. Those
pulse widths set the time resolution of our system: ~0.3–0.4 ps. The
repetition rates of both lasers are 80MHz. The time delay is controlled
by a delay stage on the pump beam line. In the ultrafast pumped
heterostructure, we also notice that the HPhPs are experiencing a
collective effect during the propagation in the temporal domain.
HPhPs have small group velocities, and they will propagate for
~0.5–2 ps before being collected. As the lifetime of InAs free-carriers is
~8 ps (see fitting in Supplementary Note 12), the observed HPhPs will
experience decreasing InAsωp during the propagation, i.e., increasing
kHPhP, if we assumeuniform InAs pumping. Therefore, the as-measured
ultra-fast HPhP response is convoluted within a certain time scale,
depends on the group velocity.

Data availability
Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request
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