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Ultrahigh exciton diffusion in intrinsic diamond
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We observe exceptionally high diffusion of excitons in diamond using time-resolved photoluminescence
imaging. The diffusivity is found to increase with decreasing temperature more rapidly than well-established
predictions. The highest diffusion constant, 9.2 x 10° cm?/s, measured for thermalized excitons is 150 times that
recorded previously in diamond. We elucidate the momentum relaxation mechanisms determining transport:
intraband and interband scattering by acoustic phonons in the exciton fine-structure levels. The enhanced
diffusivity above 100 K is explained by a free-carrier contribution.
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The intrinsic diffusivity of carriers is a key parameter for
determining their transport properties. A high diffusivity is
associated with high mobility via the Einstein relationship
and leads to preferable device characteristics, such as high
operation speed and low-energy consumption [1]. The topic of
carrier diffusivity is also relevant to new physics because the
temperature dependence of diffusivity reveals the mechanisms
of carrier momentum relaxation due to scattering by phonons,
impurities, or other carriers. The investigation of carrier scat-
tering processes using terahertz time-domain spectroscopy [2],
angle-resolved photoemission spectroscopy [3], and quantum
Hall effect measurements [4], along with full first-principles
calculations [5], is an emerging field.

Among the major high-mobility materials, such as Si, Ge,
GaAs, and GaN, diamond is an indirect-type semiconductor
with the widest band gap (5.49 eV). Diamond has been attract-
ing rapidly increasing attention for use in power electronics,
spintronics, quantum optics, and nuclear physics experiments.
All these applications are made possible by the mobility in
intrinsic diamond. Currently, the impurity-vacancy centers,
which function as spin qubits or single-photon emitters [6],
are embedded in intrinsic diamond layers, and the mobility is
particularly crucial when the centers are electrically driven.
Not only free carriers but also excitons—electron-hole pairs
bound by the Coulomb force—could play essential roles in
mobility because the large exciton binding energy of 80 meV
causes an exceptional situation in which the excitons are stable
up to room temperature. Owing to chemical equilibration
between free carriers and excitons having different effective
masses, charge carrier mobility is affected by exciton mobility
and vice versa. In diamond-based light-emitting diodes (LEDs)
or electron emitters, excitons are formed in the intrinsic active
layer even under current injection, dominating ultraviolet
emission [7] or providing efficient photoelectron production
[8]. The emission efficiency of ultraviolet LEDs is actually
improved by redesigning the intrinsic layer thickness assuming
higher exciton diffusivity [7]. In diamond irradiated by high-
energy particles [9,10] or synchrotron radiation [11], electron-
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hole pairs are produced, and the particles/radiation can be
detected by charge collection at electrodes, the efficiency of
which is determined by the charge transport over macroscopic
distances [12]. The role of exciton formation in such diamond
detectors seems to be unexplored, despite its use in cryogenic
conditions [13] and under an electric field (<10 kV/cm)
well below the tunnel ionization threshold (~600 kV /cm) for
excitons.

For more practical and efficient uses of these devices, it is
inevitable that the fundamental physics behind them is eluci-
dated. This can be achieved by determining the diffusivity of
intrinsic diamond across a wide temperature range. However,
mobility measurements in diamond have long been limited to
above 80 K [14-17] because carrier freezing at deep impurity
levels hinders electrical transport measurements. Recent at-
tempts to measure the mobility at lower temperatures utilized
photoexcited charge carriers in undoped diamond [18,19]
through light-induced transient grating [20-22], time-resolved
photoluminescence (PL) [22], cyclotron resonance [23], and
excitons through cathodoluminescence [24]. Unfortunately,
the reported mobility values have varied significantly because
most of them were reduced due to extrinsic factors, such as
band-gap renormalization [20], the thermal grating effect [22],
and carrier heating by Auger recombination [22] that occurs
at high carrier densities (~10%° cm™3) [25].

In this Rapid Communication, we directly obtain
snapshots of spatial exciton expansion in ultrapure diamond
through time-resolved PL imaging. We temporally separate
the transport properties of the high- and low-injection
regimes and extract the intrinsic diffusivity of thermally
equilibrated excitons. At cryogenic temperatures, the
measured diffusivity significantly exceeds the predictions
based on the previously established T~!/2 temperature
dependence for acoustic-phonon scattering. Consequently,
the diffusion constant measured at 2 K, 9.2 x 10° cm?/s,
is found to be exceptionally high among high-purity
traditional semiconductors (Si, Ge, GaAs, and Cu,0). We
also identify the exciton transport mechanisms and evaluate
the exciton/free-carrier contributions up to room temperature.

Before describing the experimental results, we briefly
review the indirect excitons in diamond. They are formed at
the A points, about 76% of the zone boundaries along the
[100] axes in wave-vector (k) space, where the sixfold minima
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FIG. 1. (Color online) Schematic of (a) exciton energy dispersion
and relaxation by phonon emission, and (b) PL line shapes for differ-
ent exciton effective temperatures T.,. T* indicates the characteristic
temperature for longitudinal acoustic phonons. Exciton masses m, =
0.65mq, msz = 1.05mq, and m4 = 0.76my [27], where m is the
free-electron mass, are used. (c) Occupancy of the fine-structure
levels. The dots were derived from the spectral weights, and solid lines
represent f; = exp(—AE;/kgT) normalized to the sum ), _, 5, fi,
where AE, = 3.6 meV, AE; = 6.7meV,and AE; = 13.6 meV [26].

of the conduction band are located. The long controversy
regarding the exciton fine structure has recently been resolved
by the inclusion of effective-mass anisotropy [26]. Among 12
fine-structure states, four sublevels appear in PL, with the
one at the lowest energy (Ex1) being a nearly dark state.
The upper three exciton sublevels (Ex2-Ex4) are derived
from the optically active states. The exciton energy dispersion
E = AE; + hzkz/(Zm;k) is depicted in Fig. 1(a), together
with the phonon dispersion, where AE; (i =2,3,4) is the
fine-structure splitting energy measured from the Ex1 level,
h is the reduced Planck constant, and we used a different
translational mass m} [27] for each exciton band. Excitons
relax with phonon emission and absorption within/between
these exciton bands, which leads to their diffusion. The Ex1
band is omitted in Fig. 1(a) because we neglected the scattering
of bright excitons (Ex2, Ex3, and Ex4) into Ex1, which is
considered a spin-forbidden process.

The PL originating from indirect excitons occurs with the
assistance of phonon emission by satisfying the conservation
of energy and momentum during the optical transition. As the
spectral shape [28] reflects the energy distribution of excitons
in the band [Fig. 1(b)], the effective temperature T of the
carrier system is obtained from the PL spectral width. We note
that T, generally can be higher than the lattice temperature. In
addition, the occupancy f; of excitons in each sublevel can be
determined based on the spectral weights of the fine-structure
peaks in PL [26]. The results are shown in Fig. 1(c), indicating
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FIG. 2. (Color online) (a) Time-resolved PL image obtained at 7
K for different delay times: 0, 8, and 15 ns. The gate width was 1 ns.
The area of each image is 1.0 x 1.0 mm?. (b) Spectrally resolved PL
image at 20 K for 0, 30, 60, and 100 ns. The gate width was 10 ns. (c)
Vertical profiles of the images at 20 K. (d) Time-resolved PL spectra
at 20 K, normalized at Ex2.

that occupancies of the two higher levels dominate over that
in Ex2 above 100 K.

We used a chemical-vapor-deposition diamond (Element
Six Ltd.) with the unintentionally incorporated dopants of less
than 5 ppb of nitrogen and 1 ppb of boron. We created excitons
at a density around 10'7 cm™ by using photoabsorption at
5.51 eV, with the 2.5 ns pulses from an optical parametric
oscillator (Ekspla, NT242-2). This unique excitation method
minimizes the heating of the lattice during the photoexcitation
process [29], and enables efficient thermalization of excitons.
The time-resolved spatial image of the exciton PL was
dispersed by a monochromator (Horiba Jobin Yvon, iHR550)
and detected by a gated CCD camera (LaVision, Picostar HR).

Figure 2(a) shows the spatial distribution of the PL intensity
at different delay times for diamond kept at 7 K in a cryostat.
The initial spot size was 38.3 x 39.5 um?. With increasing
delay time following the photoexcitation at ¢ = 0, the exciton
cloud expanded laterally by about 300 um within 15 ns,
implying a vast diffusivity. Figure 2(b) shows spectrally
resolved images taken at 20 K. The ordinate retains the
spatial information whereas the abscissa indicates the photon
energy. The recombination of excitons (Ex2) is seen at around
5.26 eV. The intensity of Ex1 is very weak because the optical
transition is nearly forbidden [26]. The occupancies of the
higher sublevels, f3 and f4, are nearly zero because of the low
lattice temperature [see Fig. 1(c)]. The broad feature at lower
photon energies is due to electron-hole droplets for a delay
time of 0 ns and to polyexcitons [30] at later delay times.
Figure 2(c) shows the temporal evolution of the spatial profile.
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The spectrally resolved PL intensity was integrated over the
exciton fine-structure peaks. The profiles can be approximated
by a Gaussian line shape, and the half width A was obtained
by the fit. Figure 2(d) shows time-resolved PL spectra. Based
on the spectral analysis, we confirmed that the excitons reach
internal thermal equilibrium [31-33] during photoexcitation
and that the relaxation time for the excitons to equilibrate with
the lattice is shorter than 100 ns [34].

In order to extract the diffusion constant D, we assumed a
two-dimensional expansion of the exciton cloud. The effects
of surface recombination [22] and diffusion into the sample
depth were negligible because we choose bulk excitation with
more than 30% transmission of the incident light through a
sample of 0.5 mm thickness [29]. Two-dimensional diffusion
is described by the equation

on D 02 n 02 n )
p— —_ — |n — -,
ot 9x2  9y? T

where n is the exciton density and 7 is the exciton lifetime in
the range of hundreds of nanoseconds at 7-300 K [35]. The

solution, assuming an initial Gaussian distribution with a half
width d at time t = 1, is given by

nxy.0) = 77 8D(7;0— 10)/d2
« oxp [_ e I m)} .
d? +8D(t — ty) T
The squared width of the cloud at time 7 is given by the relation
A* (1) =d*/2+4D(t — 1y), 3)

which indicates a linear dependence on time.

Figure 3 plots A% as a function of ¢. The squared widths
show a nearly linear time dependence above 100 K, and D was
obtained by the fit with Eq. (3), as indicated by the solid lines in
Fig. 3(a). On the other hand, the expansion at low temperatures
exhibits a sublinear dependence, as in Fig. 3(b). We interpreted
this result as an indication that the expansion is caused by two
different origins which are temporally separable. The early
component for the time window 0-20 ns has a correlation
with the appearance of electron-hole droplets in the PL, and
is apparently due to their fast expansion driven by the phonon
wind [36]. Considering this time scale and the relaxation time,
we extracted the diffusion constants of the later expansion by
setting #p = 100 ns and d = ﬁA(to) in Eq (3). The fitting
curves are shown by the solid lines.

The temporal change at 2 K was distinctive because of the
superlinear behavior in diffusion. The expansion in the absence
of electron-hole droplets at low injection is shown in the inset
of Fig. 3(b). Since D varied with delay time according to the
gradual change of the effective temperature during the 12-ns
lifetime, we used the relation A2(#)) — A%(t;) = 4D(t) — t2).
The diffusion constant for #1(t,) =0(8) ns is D =4.5 x
10° cm?/s, whereas that for #;(t,) = 9(14) ns is even higher,
D = 9.2 x 10° cm?/s, corresponding to an exciton mobility as
high as 3 x 107 cm?/(V s). The effective temperatures derived
from the spectral analysis, 5.5 and 4.0 K, are used in the
subsequent plot.

The extracted diffusion constants up to 300 K are sum-
marized in Fig. 4, showing that the diffusion constant tends
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FIG. 3. (Color online) Plots of A? as a function of delay time for
temperatures (a) above 100 K and (b) below 60 K. The initial width
at ¢ = 0 has been subtracted. A detection window corresponding to
(a) 60 um or (b) 1800 wm width on the sample was used.
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FIG. 4. (Color online) Measured diffusion constants (squares) in
comparison with the calculated ones. The dashed double-dotted
line and thin solid lines represent intraband scattering of electrons
[23] and excitons, respectively. The dashed and thick solid lines
indicate weighted averages for the intraband and the intraband
plus interband, respectively. The dashed-dotted line includes exciton
ionization assuming a total carrier density 7, = 1.0 x 10'7 cm~>. The
inset shows a fraction of excitons to n, = 10'5'7 cm=3, calculated
according to the mass-action law with an equilibrium constant of
1.2 x 10 cm™3 at 300 K [41].

201202-3



MORIMOTO, HAZAMA, TANAKA, AND NAKA

to increase with decreasing temperature. The low-temperature
values we observed are higher by two orders of magnitude than
the diffusivity previously reported for thermalized excitons,
60 cm?/s [37]. The diffusion constant slightly increases on
the high-temperature side, and the values above 100 K are in
reasonable agreement with those previously reported [21,22].

In order to understand the temperature dependence, we
numerically calculate the momentum relaxation time t,
of exciton intraband scattering from longitudinal acoustic
phonons (v; = 17.5 km/s [38]). We assumed an inelastic
deformation potential interaction [39] with a strength of 10 eV,
which is the value for holes [23], since the deformation
potential for excitons is unknown. The thin solid lines in Fig. 4
are the calculated diffusion constants D; = ekpT (t),)/m?,
which clearly exceed the classical predictions from the 7 ~!/2
relation (the dotted lines). Here, the angle brackets indicate the
average over the thermal distribution, and e and kp represent
the elementary charge and Boltzmann constant, respectively.
The occurrence of the low-temperature anomaly is related
to the characteristic temperature defined as T = m}v?/kp
[40], below which the phonon emission process freezes out
due to the lack of a final state that conserves energy and
momentum [see Fig. 1(a)]. The slightly different 7;*’s for
the different exciton species are shown near the horizontal
axis of Fig. 4. Since the measured temperature dependence
is apparently more rapid, we further include the exciton
interband scattering due to transverse acoustic phonons (v, =
12.8 km/s [38]). The weighted average of the diffusion con-
stant Dy = 3 s34y fiDi) Yissam;” fi is shown
by the thick solid line, where the Boltzmann distribution
fi =exp(—AE;/kgT) as shown in Fig. 1(c) is assumed for
the level occupancy. The calculation reproduces the diffusivity
measured below 100 K much better than the weighted average
without interband scattering (the dashed line).

As proposed in recent reports [21], we attribute the
increased diffusivity above 100 K to be due to ionized excitons,
namely, unbound charge carriers in chemical equilibrium
with the exciton system. The inset of Fig. 4 shows a
fraction of excitons to the total number of excitons and free
carriers, calculated by assuming the mass-action law [41]. The
diffusivity including the contribution from the free electrons
is shown by the dashed-dotted line. The excellent agreement
of the calculations with the data across the whole temperature
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range confirms that exciton transport in diamond is determined
by multiple mechanisms: intraband and interband scattering
by acoustic phonons in the exciton fine-structure levels
and exciton ionization into free carriers. The last process
implies that the contribution of excitons becomes more
dominant at higher injections (see the inset), which might
affect device performance via the reduction in charge carrier
mobility due to coexisting excitons with heavier translational
masses.

Finally, we would like to emphasize the uniqueness of
our measurements. The breakdown of the T~!/2 relation,
which leads to higher mobilities due to the suppressed
phonon emission, was predicted decades ago [42]. This
low-temperature anomaly, however, was observed only in
Cu,0 below 6 K [40] because it is usually obscured by
impurity scattering and unwanted carrier heating. Our success
in diamond relies on the relatively high 7* originating from
the high sound velocity [38] and large effective masses [27],
the high purity of our sample, and, most importantly, our
deliberated procedure for generating cold excitons [29]. Owing
to the cooling of the excitons from 20 to 4 K, the diffusivity
was drastically enhanced. The exceptionally high diffusion
constant, 9.2 x 10? cm? /s, for thermalized excitons is 150
times that reported previously, more than 30 times that of
high-purity silicon at 1.3 K [43], and approximately nine times
greater than that of Cu,0 at 1.2 K [40].

In summary, we measured the exciton diffusion in ultra-
pure diamond by time-resolved PL imaging. The measured
diffusivity in diamond at 2 K was exceptionally high among
semiconducting materials. After clarifying the transport mech-
anisms of excitons and the low-temperature regime of acoustic-
phonon scattering, we successfully separated the free-carrier
contribution to the exciton diffusion above 100 K. Our results
lay the basis for an improved understanding of the deformation
potential interaction, and will motivate general interest in
intrinsic scattering mechanisms that set a mobility limit in
various materials ranging from traditional semiconductors, and
carbon allotropes (graphite, graphene, carbon nanotubes) to
organic molecular conductors.

This work was partially supported by Grant-in-Aid for
Scientific Research from JSPS (Grants No. 26400317 and
No. 15K05129).
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