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Abstract:

Owing to its strong ionic character coupled with a light electron effective mass, §-Ga,Os is an unusual
semiconductor where large electric fields (~1-6 MV/cm) can be applied while still maintaining a
dominant excitonic absorption peak below its ultra-wide bandgap ( E4~ 4.6- 4.99 eV). This provides

a rare opportunity in the solid-state to examine exciton and carrier self-trapping dynamics in the
strong-field limit at steady-state. Under sub-bandgap photon excitation, we observe a field-induced
red-shift of the spectral photocurrent peak associated with exciton absorption and threshold-like
increase in peak amplitude at high-field associated with self-trapped hole ionization. The field-
dependent spectral response is quantitatively fit with an eXciton-modified Franz-Keldysh (XFK)
effect model, which includes the electric-field dependent exciton binding energy due to the quadratic
Stark effect. A saturation of the spectral red-shift with reverse bias is observed exactly at the onset
of dielectric breakdown providing a spectral means to detect and quantify the local electric field and
dielectric breakdown behavior in p-Ga.Os. Additionally, the field-dependent responsivity provides
insight to the photocurrent production pathway revealing the photocurrent contributions of self-
trapped excitons (STXs) and self-trapped holes (STHs) in B-Ga.Os. Photocurrent and p-type
transport in B-Ga,O; are quantitatively explained by field-dependent tunnel ionization of excitons
and self-trapped holes. We employ a quantum mechanical model of the field-dependent tunnel
ionization of STX and STH in B-Ga,Os to model the non-linear field-dependence of the photocurrent
amplitude. Fitting to the data, we estimate an effective mass of valence band holes (18.8 mo) and an
ultrafast self-trapping time of holes (0.045 fs). This indicates that minority-hole transport in g-Ga,O3
can only arise through tunnel ionization of STH under strong fields.

&These authors contributed equally to the work.



l. INTRODUCTION

The conversion of electromagnetic radiation (photon flux) into current density (charge flux) is of
fundamental importance in all solid-state optoelectronics. An electron-hole pair is produced at the
location of single photon absorption and therefore the mutual Coulombic bond between the
photocarriers (exciton) must be broken (dissociation) before carrier separation and collection can
take place. However, excitons are generally considered unimportant for understanding the room-
temperature optoelectronic response in dominantly covalent (sp® bonded) crystalline
semiconductors [1,2]. Traditionally called Wannier-Mott excitons [3,4], the small exciton binding
energies (Ex < 25 meV) and small dielectric constants (K) combined with light effective masses
(m”<1) of the host material lead to exciton Bohr radii typically spanning multiple nearest neighbor
bond distances (ag > 1 nm) and are assumed to be fully thermally or electrically dissociated in
room temperature optoelectronics [2,5,6]. The opposite extreme occurs in strongly ionic solids
where exciton absorption dominates the optical response with Ex > 500 meV and ag < 0.5 nm [7,8].
However, ionic crystals with such strongly-bonded excitons can hardly be classified as
semiconductors, e.g. alkali halides [9,10], with strong electron-lattice coupling strongly limiting

charge transport (polarons) [11,12].

More recently, the emergence of two-dimensional (2D) semiconductors with sizable bandgaps and
light masses, e.g. transition metal dichalcogenides (TMDs), has demonstrated a regime of exciton
physics with simultaneously large Ex and as [13-16]. Under these conditions, room temperature
optoelectronic properties are dominated by excitons near the band edge. Moreover, charged
excitons known as trions become possible with interesting physics and potential optoelectronic
applications [17-21]. Compared to these TMDs, the ultra-wide bandgap (~4.6-4.99 eV [22,23])
semiconductor $-Ga>O3 exhibits similar exciton properties to the 2D materials, but with the added
tunability associated with its high dielectric breakdown field limit (~6-8 MV/cm [22-24])
motivating its development for high-power high-field devices and solar-blind ultraviolet
photodetectors [23,25-28]. Additionally, these properties enable exploration of steady-state

exciton dynamics in the strong-field (non-perturbative) limit, Fig. 1a and b.



A. eXciton Franz-Keldysh (XFK) Effect

Band-to-band absorption is altered in the application of an electric field, characterized by a
broadening of the absorption edge below the bandgap due to tunneling-assisted absorption, called
the Franz-Keldysh (FK) effect [29,30], Fig. 1c. In 1966, Aspnes [31] developed a quantitative
model for the field-dependent absorption spectrum within the effective mass approximation. This
model was recently applied by Maeda et al. to quantitatively model the absorption phenomenon at
constant excitation wavelength with varying applied field in wide bandgap semiconductors like
SiC and GaN based devices [32-35]. Sub-bandgap absorption in GaN gives rise to excitons which
must be dissociated before any photocurrent can be measured [36], but the Aspnes model ignores
exciton absorption and is therefore only valid in GaN in a limited range of wavelengths and fields.
Theoretical work by Dow and Redfield [37], Blossey [38], and Merkulov [39] showed that the
electron-hole Coulombic bond (exciton) leads to a qualitatively distinct electro-absorption
behavior from the FK effect, namely a sub-bandgap absorption peak that shifts under an applied
field, which we refer to as the eXciton Franz Keldysh (XFK) effect, Fig. 1c. Exciton absorption
was observed in the FK-effect in GaN [40,41], revealing an exciton peak structure near the band
edge in GaN absorption spectra, which redshifts with increasing applied field. We recently
reported the experimental observation and quantitative modeling of the XFK effect in the
photocurrent spectral response of GaN [36], which demonstrates a spectral measurement of the
local electric field and a route to develop all-optical electric field microscopy to explore breakdown
physics and refine electrostatic modeling for high field devices. However, in the case of GaN, Ex
~20.3-27 meV [36], is modest (~ksT), and therefore the XFK peak is only resolvable at room
temperature at relatively low electric fields since the excitons are easily dissociated [40,41]. By
contrast, excitons in TMDs and B-Ga»Osz fully dominate the sub-bandgap absorption, an effect

accentuated in the latter by the weak band-to-band absorption of its indirect bandgap [42-44].

B. Similarity of Excitons in 2D TMDs and p-Ga20s

Because excitons are electrically neutral, photocurrent is only obtained from strongly bound
excitons if a sufficiently large electric field is applied to dissociate them into mobile conduction
band electrons and valence band holes via tunnel ionization [45-49], illustrated in Fig. 1la,

otherwise the excitons would decay through electron-hole recombination. The tunneling barrier
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height and width are modified by an expected increase in the binding energy with field due to the
Stark effect [13-15,40,41,50-52]. Such field ionization phenomena are well studied in organic
semiconductors [52,53], but for inorganic solid-state systems were typically limited to discussion
of impurity ionization in the low-field (perturbative) regime [40,41,49]. Only very recently have
such high-field exciton-dissociation processes been described in a group of inorganic solid-state
systems i.e. in TMD materials [13-15,50,51]. For example, in the layered semiconductor WSe;
with Ex = 170 meV, the bias-dependent photocurrent amplitude was explained in terms of a Stark-
modified exciton binding energy, see supplementary material of Ref. [14]. Ab initio Bethe-Salpeter
equation (BSE) calculations could predict the bandgap correctly only if dielectric screening effects
of several h-BN layers were included but failed to predict the correct Ex, while a screened
Wannier-Mott model could explain the observed Ex. Previously, numerical and analytical models
for quantitative field-induced dissociation rates for different TMDs showed the dependence of
exciton dissociation on the anisotropic dielectric screening environment [17,50,54-57], where the
in-plane electron-hole potential follows a 1/r potential over long range, but a weaker logarithmic
divergence over short range due to screening [37,38]. More recently, Kamban and Pedersen
treated excitons as 2D Hydrogen atoms confined in-plane within a given screening distance to

model exciton dissociation and Stark effects in TMDs [50].

Similar 2D-like Hydrogenic excitons appear to be present in 3-Ga2Oz. The optical anisotropy of
B-Ga>03 was demonstrated experimentally by Onuma et al.’s electro-reflectance study [43] and
further ab initio calculations (DFT+GW) by Furthmiiller et al. [44] showing that O% 2p valance
band states (holes) of B-Ga20z couple with Ga®* 4s conduction band states (electrons) forming
anisotropic (2D-like) excitons; absorption energies for s — p, (a-axis polarized) and s — p, (c-axis
polarized) are ~0.3 eV larger than along s — p,, (b-axis polarized). Exciton wave functions in f-
Ga03 therefore exhibit a 2D anisotropy; weakly bound with large wave functions along the b-axis
[010], and tightly bound with small wave function within the ac-plane (010). This pseudo-2D
behavior of excitons in B-Ga>Os is further corroborated by BSE calculations of Varley and
Schleife [42] showing a strong exciton absorption at lower energy for photons polarized along a
(x) or ¢ (z) axis, compared with b (y) axis. Just like TMDs, a screened Mott-Wannier model for

estimating the correct Ex = 270 meV must be used for f-Ga.O3 [60]. Beschedt et al. showed that



due to the strong exciton binding energy (larger than optical phonon energies), lattice screening of
the electron-hole interaction is greatly reduced in comparison with what is expected from the static
dielectric constant. Similar to TMDs, B-Ga203 exhibits a large Ex (~189-270 meV [60-62]) and
anisotropic (2D-like) optical response as predicted from the BSE calculations of its absorption
spectra by Varley and Schleife [42]. Due to the anisotropic dielectric environment, similarly large
exciton polarizabilities (induced dipole) are expected [50] such that the exciton binding energy is

strongly field dependent (Stark effect).

C. Exciton Stark effect and tunnel ionization of self-trapped holes in p-Ga>O3

Similar to polarons ubiquitous to many ionic materials [63], B-Ga20s exhibits carrier self-trapping,
where due to the large effective mass of the holes, they are localized to a few bond distances
leading to a strong lattice distortion. A valence band hole centered an O site will push Ga* nearest
neighbors outward and draw O? next nearest neighbors inwards, forming a trapping potential
(~490 meV [64]) that then localizes the hole even further. These self-trapped holes (STHSs) are
thought to limit the p-type conductivity in 3-Ga.Oz. Under optical absorption, the STHSs together
with free electrons form Self-Trapped eXcitons (STXs) which demonstrate high binding energy
(~680 meV [64]) similar to alkali halide excitons. Yamaoka et al. observed STX and STH in the
optical response of -Ga203 [64-66]. These STXs and STHs must be field-ionized if photocurrent

is to be obtained from B-Ga»Os devices, Fig. la.

Here, we present measurements of B-Ga>Oz exciton absorption and dissociation processes in the
strong-field regime. A photocurrent spectral peak associated with exciton absorption red shifts
under reverse bias due to the XFK effect. The spectral response is explained by including the
quadratic field-dependence of the exciton binding energy, the exciton Stark effect. The model
predicts a continuous red shift of the exciton peak with field, however the data reveal a saturation
effect, where the spectral red shift halts due the onset of breakdown, in agreement with previously
reported estimates for the breakdown field (~6 MV/cm [23,24]). Using the spectral peak position
as an electric field sensor, we examine the photocurrent peak amplitude response as a function of
field. A high-field threshold behavior is observed, with a turn-on at ~4.5 MV/cm. The peak



amplitude changes are interpreted as due to the field-dependent quantum efficiency (ratio of
photocarriers collected to photons absorbed) associated with the exciton and STH ionization
processes. We adapt a field-ionization model of quasi-bound state tunneling to describe the exciton
dissociation process in B-Ga>0z. Using literature values of minority carrier lifetimes and carrier
mobilities we derive field-dependent rate equations for dissociation, ionization, and photo-carrier
transport. The non-linear field-dependence of the photocurrent is fit using two free parameters: the
valence band hole effective mass, and the self-trapping time of holes. The determined values agree
with theoretical band structure estimates for the valence band effective mass [60,61] and recent

ultrafast measurements of self-trapped holes [67].

1. FIELD-INDUCED RED-SHIFT OF EXCITON ABSORPTION PEAK:

Figure 1b shows the structure of B-Ga>Os Schottky Barrier Diode (SBD) used for our study.
Epitaxial growth of B-Ga20Os is carried out using PAMBE (Riber MBE Control Solutions M7).
Slightly Ga-rich growth conditions are used for the growth of B-Ga>Os: at a Ga beam equivalent
pressure (BEP) of 8x10® Torr, and oxygen pressure during growth of 1.5x10°° Torr, plasma power
of 300 W and Ts,;,= 630 °C (pyrometer). The epitaxial structure for the SBD consists of a UID
Gaz03 layer of 1 um thickness grown on a Sn: Gax0Os3 (010) substrate [22,68] (Tamura). The
Schottky top contacts are formed by evaporating a Ni/Au (30 nm/100 nm) metal stack while the
ohmic bottom contacts are a Ti/Au (50 nm/100 nm) metal stack annealed at 470 °C for 1 min. As
shown in Fig. 1 band diagram, the UID Ga>Os layer has an average doping concentration of 5 x
cm™3, obtained from C-V measurements. Beyond the UID layer, the doping concentration is
slightly higher i.e. 1 x 10'® cm™3. The energy band diagram calculated from 1-D Poisson
solver [69,70] in Fig. 1b demonstrates that almost all the applied potential drops within the 1 um-
thick UID layer. The experimental setup for the photocurrent spectral measurement is the same as
described in Ref. [36]. A chopped Xe-lamp coupled to a monochromator serves as the wavealength
tunable- pulsed- photoexcitation that is focused using a reflective microscope objective (40x) onto

the SBD generating photocurrent, which is acquired with a lock-in amplifier.



The device and experimental geometry are shown in Fig. 2a, where the crystallographic axes of
the monoclinic f-Ga»0z crystal are shown as well as the two positions (P1 and P2) of local
photocurrent spectroscopy. Representative photoresponsivity spectra for -Ga>Oz (at P1) are
shown in Fig. 2b and 2c at various values of reverse bias. The spectral variation in the absorption
due to applied reverse bias (V) is qualitatively different for the B-Ga-Os device than what is
observed in other wide bandgap semiconductors [33,36,40,41]. GaN shows an XFK induced
redshift of the optical absorption edge along with spectral broadening as bias increases [36]. This
increased sub-band-gap absorption broadening is typical of the band edge FK-effect. In contrast,
B-Ga.03 shows an XFK-like red shift of the eXciton peak with increasing bias (Fig. 2b), but
without any apparent spectral broadening (Fig. 2c). Additionally, unlike most semiconductors the
photocurrent does not increase strongly above bandgap (4.99 eV), instead showing reduced
absorption. This spectral behavior is consistent with the literature on excitonic absorption
examined both theoretically and experimentally. The characteristic exciton peak of 3-Ga>Oz has
been predicted by solutions of Bethe Spelter Equation (BSE) [42]. The ab-initio calculation of
imaginary part of dielectric function of f-Ga»0Oz has been carried out in [42] both with and without
accounting for the e-h pair interaction. Without the exciton effect, the absorption response is a
slow increase due to the indirect bandgap. Only when the e-h interaction is accounted for, a strong
excitonic peak is observed below bandgap. The excitonic peaks were also observed from
spectroscopic ellipsometry measurements in the imaginary part of the dielectric function by Sturm
etal. [62].

As described in Sec. IB, one of the signature features of exciton absorption in -Ga20s, is the
anisotropic absorption. Therefore, to further confirm the excitonic origin of the photocurrent peak,
we utilize a linear polarizer (a-BBO), connected to a motorized rotation stage, to measure the
polarization dependence of the photocurrent peak position. X-ray diffraction was first used to
determine the in-plane crystallographic orientation of the device. Photocurrent spectra are
collected at a reverse bias of 30 V with the polarizer angle (6) stepped every 5° for 360°, where
6 = 0, is aligned to the a-axis [100] direction. The peak position of the photocurrent spectra (Egh)
are extracted by fitting the peaks to a bi-Gaussian function. The peak red shift (Egh (0) — Ez?h (6))

relative to the a-axis position is plotted in polar coordinates as a function of polarizer angle (8) in



Fig. 2d, where the high symmetry crystal axes are labeled. As expected, for this (010) plane, in -
Ga20s the exciton absorption peak shows 2-fold rotational symmetry. Within the ac-plane (010)
the a-axis orientation shows the highest energy absorption. The data show the maximum red shift
along the [001] and [102] axes reproducing the anisotropic exciton absorption in B-GaxOs

previously reported by both experiment and theory [42-44],

From Fig. 2b we observe that the responsivity peak amplitudes, (I5;) are smaller than reported in
previous works [27,28,71]. In these studies, the amplitudes are larger than what is allowed by the
theoretical limit of photocurrent generation due to a proposed gain mechanism, where the Schottky
barrier gets lowered by positive charge (self-trapped hole) build up at the metal/semiconductor
interface [27,28]. In these studies, UV illumination was modulated at a slow rate <1 Hz, and the
unusually large responsivities appear to charge-up over >100 ms timescales corresponding to
interface charge build-up. In our experiments, we modulate the excitation at ~200 Hz to eliminate
these slow dynamics. To confirm that this is indeed the case, we carried out photocurrent

spectroscopy as a function of illumination time. Fig. 2e shows the peak amplitude (I5;)
dependence on illumination time, % (s), where v is the chopper frequency. In Ref. [27], hole

trapping and positive charge build up happens only when the junction is under UV illumination
for an extended period of time >100 ms) [72]. As can be observed from Fig. 2e, the responsivity
increases strongly for timescales approaching 100 ms, whereas the gain mechanism can be ignored

for illumination times <5 ms.

To examine the field dependence of the photocurrent spectra, bias dependent measurements were
performed while focusing the light source to two different spots on the device: at the edge of the
top electrode (P1), and at a displacement along the c-axis from the top electrode (P2); with the
excitation polarized along c-axis (Fig. 2a). Since the reverse bias is applied at the top electrode,
the potential drop and field variation are expected to be larger at P1 compared to P2. Egh and I3,
are plotted as a function of V,,,, for data taken at P1 (red) and data taken at P2 (blue) in Fig. 2f and
g, respectively. At both positions, we observe a red shift of E;,)h (Fig. 2f) with no qualitative

difference in the behavior for the two positions within the noise of the peak fitting. P1 (red, near
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electrode) has a larger range of variation in peak position than P2 (blue, far from electrode),

indicative of a higher local Fmnax. The I5; shows a non-linear increase with bias (Fig. 2g).

A. Photoresponsivity and field-dependent absorption coefficient

To understand the photoresponsivity behavior, we note that the SBD is a vertical device with
probes placed on the top and bottom metal electrodes. If the photon flux incident on the top
electrode is ¢, then the flux entering B-Ga20s is (1 — r)¢,, where r is the reflectance of the top

electrode/semiconductor layer. After absorption in the depletion region, the photon flux exiting

the depletion region and entering the non-depleted B-Gaz0s is (1 — r)q@geto @xrrF@.w)z
where aypx(F(2),Epy) is the field-dependent eXciton Franz Keldysh (XFK) absorption
coefficient, F(z) is the vertical component of the electric field versus depth (z), and W is the
depletion width. Since the non-depleted layer has negligible electric field, photocarriers can only
be produced and collected within the minority hole diffusion length, L,,, with an absorption factor
of e~%nln where a,, is the absorption coefficient of n-doped B-Ga,Os. Because the absorption
coefficient of B-Ga,0s is quite small below the band-gap (< 103 cm™1) [73] and the minority hole
diffusion length L, is only ~200-300 nm [74], then e~%*nln~1.000 and we can fully neglect
photocurrent produced in this region. Absorption in the non-depleted n-type B-Ga>Oz layer of ~500
um reduces the photon flux incident on the back surface to ~e =%zt > ¢=1000%05 ‘whjch together
with the diffuse hemispherical reflection off the back surface of the substrate allows us to ignore
absorption due to a second optical pass through the depletion region. Within the depletion region

of the Schottky diode where almost all the voltage drops, the absorbed photon flux (converted into

i i — _ o= IV axpk(F(2),w)dz i i
excitons) is (1 —r)py (1 —e™ o . Thus, the photocurrent density generated in the

SBD will be,

w
I = nq(1 =)o (1 — e~ fo” xr(F@w)az) (1),

where n is the internal quantum efficiency (IQE) representing the ratio of carriers collected to
photons absorbed and q is the electron charge [72]. Normalizing the photocurrent with respect to
the measured wavelength dependent input power density (E,,,) gives the photoresponsivity, Ipg
(A/W),



nq(l—r)<1—e— o “XFK(F(Z)'“’)dZ>
_ _Irc _
Ipp = = ...(2)

Epn®o Epn

The r spectrum of the SBD device is measured over the range E,, = 3.6 eV to 5 eV and found to
be roughly constant, » = 0.15 + 0.04. In modeling I, we therefore assume a constant value of
the pre-factor, (1-r) = 0.85 [72]. Therefore, it has no impact on the E,,, dependence of Iz, which
depends only on the average absorption coefficient in the depletion layer, the depletion width, and
the quantum efficiency.

B. Stark-modified eXction Franz-Keldysh (XFK) effect in p-Ga2O3

B-Gaz0s3 has an exciton binding energy E2 = 180-270 meV [60-62] at zero applied field (F=0).

The binding energy increases with electric field due to the Stark effect, E, = EQ + bF?, where

2,2
b = 2% s the polarizability [52]. Here, az = ay Ko/, is the exciton Bohr radius, a, (<53

8EQ
pm) is the Bohr radius of Hydrogen and E2 = 13.6p,,/(myK?) , where ., is the exciton reduced
mass and K is the static dielectric constant, which strongly influences the polarizability b.
Bechstedt et al. developed a modified-Wannier-Mott exciton model for [-Ga>Os which
incorporates an effective dielectric constant (K*~3.99) that considers the LO-phonon charge
carrier screening at optical frequencies and the anisotropic effective mass [60]. This modified-
Wannier-Mott exciton model captures the experimentally determined values of E, of p-Ga>03. K
(K*) is the static (effective) dielectric constant which equals 14.82 (3.99) [60], ., = 0.3m, [60].

2
Using ag~ 0.70 nm, E2 ~250 meV we calculate, b = 2.1 x 10718 eV (%) , Which is of the same

order of magnitude as for several of the TMDs, see Table Il of Ref. [50]. Note that the predicted
Stark shift of B-Ga»Os traverses a similar range as found in TMD materials for the range of applied
fields (< 0.5 MV/cm) of Ref. [50].

The field-dependent exciton absorption coefficient, aygx(F(z), w), is given by Merkulov [39],

axrx(F(2),w) = Cx/m?(6%x% + 1), ...(3)
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where C is a normalization constant which is the same as for the free carrier case [75], such that it
does not affect the peak shift. Employing this quantitative model, we utilize E; = 4.99 eV [76],
EQ =270 meV [61], ey = 0.3 my [60] with ag = 0.70 nm and K* = 3.99 [60].

C. Spectral observation of the breakdown limit of f-Ga203
The electric field profile is well approximated by a triangle, typical for Schottky diodes,
W_
F(z) = Fmax(vz) (4,

Z(Vexp +Vbi)

max

where, W (in um) is the depletion width given by W = , Vexp 1S the applied reverse bias,

Vpi = goB—%log(g—Z) is the built-in potential barrier of the Ni/Au/p-Ga;0Os SBD, ¢p =

1.23 V [77] is the barrier height, N, = 3.72 x 108 c¢m~3 [78] is the effective density of states
for the conduction band, N; = 5 x 1017 cm™3 is the UID layer donor concentration, and E,,, is
the field maximum at the Schottky junction. Due to electrostatic variation, it is possible that the
field profile changes from the idealized picture, leading to varying F;,, and/or V,,,, thus we
explore the spectral sensitivity of I to such variations in the field profile. First, holding V.,
constant, E,,,, is varied to change the field description F(z) as shown in Fig. 3a. Second, keeping

Frnax cOnstant, V,,,, is varied, Fig. 3b. For all field profiles, the depletion width is determined by

the electrostatic requirement that V,,,, = fOWF(z)dz.

Using Eqns. (2-4) the Ipg spectra are calculated assuming 7 = 1 and plotted in Figs. 3c and d for
the two different electrostatic conditions shown in Fig. 3a and b, respectively. First, we note that
the Stark-modified XFK model of I, shows the peak-shaped spectrum for sub-bandgap energies,
in agreement with the experimental data of f-Ga.Os (Fig. 2a). In the case of varying F,,, and

constant V,,,, (Fig. 3a), the modeled Ipr spectra in Fig. 3c show a redshift of the I,; peak with
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Frnax- For the F(z) profile of Fig. 3(b), where the F,,,, is constant (2 MV/cm) but V,,,, is adjusted
from 10 V to 40 V, the Ipi Spectra show no clear variation (Fig. 3d). Thus, the peak positions of
the Ipp Spectra (Egh) depend solely on F,,,, and exhibit no dependence on V,,,,. This demonstrates
that for B-Ga>O3z SBDs, the photocurrent spectra are apparently insensitive to absorption in the low

field regions.

From the modeled spectra, we numerically determine the relationship between F,,,, and E;,)h in
order to calibrate E{,’h as a spectral field-sensor. Peak position is determined by bi-Gaussian peak
fits to the modeled I, spectra shown in Fig. 3c, and the determined Egh values are plotted as a
function of F,4, in Fig. 3e. This relation between Epy, and Fy,, is used as a transfer function to
convert the measured peak positions (Fig. 2b) to estimated F,,,, values, plotted as a function of
the experimentally applied bias (V;,,) in Fig. 3f. We see clear evidence of a field-limit from this
spectral data; the spectrally determined value of F,,, does not increase continuously with V,,,
and reaches a saturated value precisely at the theoretical breakdown limit of B-Ga>O3 i.e. ~6
MV/cm [23,24]. Note that our analysis above made no assumptions about the breakdown limit,
and the field values in Fig. 3f are entirely based on the measured photocurrent spectra modeled
using the XFK effect and the exciton parameters of B-Ga>O3 previously described. The dark current
of the Schottky diode is measured with increasing reverse bias, shown in Fig. 3g. As expected, the
current starts to decrease faster with increasing V,,,, just where the saturation behavior of F,,

begins in Fig. 3f. The expected reverse breakdown will happen around 40 V < V,,,, < 60 V) [72].

Because the photocurrent is excited at the focal point of the optical excitation at a particular (x, y)
position on the SBD surface, the observed saturation of £, at V., >30 V is a locally measured
phenomenon. In this field range, where local field saturation is observed, near or at the onset of
dielectric breakdown, the global device still has not exhibited any current spiking, which occurs
in devices processed from this same wafer at 40 V < V,,,, < 60 V. At the (x,y) position of the
Ipr measurements, the local F,,,, increases evermore slowly with applied bias in the range 30 V

< Vexp <40V, and therefore F,,, must necessarily be increasing in other regions of the device
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that have not yet reached the breakdown limit. Thus, this measurement is sensitive to local field
non-uniformity and could be used to map out likely breakdown pathways without destroying

devices.

I11.  NON-LINEAR FIELD-DEPENDENT PHOTOCURRENT AMPLITUDE

The amplitude variation observed in Fig. 2g is explained by a field-dependent 1, discussed below,

due to exciton dissociation and self-trapped hole ionization.

A. Field-dependent photocurrent production pathways: rate equations

The proposed photocurrent generation mechanism is illustrated in Fig. 4, with two possible
pathways. Both begin by below bandgap photons absorbed in 3-Ga>O3 producing free excitons
(X) consisting of a conduction band electron and a valence band hole that are mutually bound by
EQ =180-270 meV [60,61]. Due to the polaron formation affinity [63] and large effective
mass [42,60,61] of holes, the photo-excited holes cause a lattice distortion that induces a short-
range trapping potential for the holes, forming a STH within tst< 0.5 ps at 295 K [67]. Thus, X
that are not dissociated (path 1) become STXs (path 2) consisting of a conduction band electron
bound to an STH. The X can also recombine, but this time scale (>1 us) [66] is much greater than
st due to the indirect bandgap, and therefore there is negligible X recombination, a conclusion
also supported by the lack of any reports of free-X photoluminescence, i.e. lack of emission peak
at ~4.6 eV range in B-Ga20s . The fraction of X that dissociate into free carriers along path 1 is,

therefore, ny = Dy/(Dy + T57), Where Dy is the field-dependent dissociation rate of X.

In steady-state, charge neutrality requires that photoelectron and photohole currents be identical.
Given the larger effective mass of holes than of electrons, we assume the photocurrent is limited
by photohole collection. Free holes have an average mobility of 20 cm?/(Vs) as recently
reported [79], which is consistent with earlier measurements of long minority hole diffusion
lengths of ~200-300 nm [74]. With depletion widths of <1000 nm, the electron and hole drift times

are <1 ps (assuming saturation velocities >10° cm/s), while the free carrier recombination times
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are ~210 ps [74]. Thus, the collection efficiency of free electrons or holes is ~100% over the

experimental field range, and the total quantum efficiency of path 1 is n; = nyx = Dyx/(Dx + ts1).

The fraction of X that become STX along path 2, is (1 — ny). Within the STX, the large lattice
distortion binds the hole by 490 meV [64], localizing it within a single bond distance centered over
an oxygen anion, rendering it immobile [16,42,44,63]. As the total STX binding energy is 680
meV [64], within the STX quasiparticle the electron is bound to the STH by (680-490) = 190 meV.
As this energy is much smaller than the STH binding energy, the STX dissociation occurs by the
electron tunneling into the conduction band at a field-dependent rate of Dg;y. The fraction of STX
that are dissociated is, ngrx = Dsrx/(Dsrx + Rsrx), Where Rery is the STX recombination rate
(~10° s~1) [66]. To produce any current in steady-state, the remaining STH must be field-ionized
(490 meV) at a rate of Dgpy in order to generate mobile free holes at an efficiency of nery =

Dsru/(Dsru + Rsry). The total fraction of X that become STX and subsequently contribute to
current (path 2) is thus, n, = (1 —nx) * Nsrx * Nsrh-

To validate this model, a relationship between F and 7 is derived and compared with the measured
18. From the spectral E{,’h data combined with the Stark-modified XFK model, a relation between
Vexp and Fq, Was previously established, Fig. 3f. Utilizing this relation, the 19, data in Fig. 2c
are re-plotted as a function of F,,,, in Fig. 5a. A sudden, threshold-like increase of amplitude at
about ~4.5 MV/cm is observed. The total IQE is n = n; + n,. However, if we assume that tst ~=
0.5 ps [67], then n; > n, over the entire field range and negligible current would be produced
along path 2 at all field values. The data in Fig. 5a indicate this is not the case. We hypothesize
that the X dissociation (path 1) dominates the photocurrent generation in f-Ga>O3 at lower fields,
and the STX dissociation plus STH field-ionization (path 2) must dominate at higher fields i.e. n,
turns-on at ~4.5 MV/cm.

B. Field-dependent tunnel ionization rates of excitons and self-trapped-holes
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The field-induced tunnel ionization rates for excitons (Dy ), self-trapped excitons (Dsrx), and self-
trapped holes (Dg7y) are quantitatively modeled utilizing the field-ionization model of impurities
proposed by Chaudhuri et al. [80,81]. We note the astonishing similarities of 3-Ga>Os excitons (a
light electron bound to a very heavy self-trapped hole) with hydrogenic impurities treated by
Chaudhuri et. al.’s model. Indeed, the exciton dissociation problem was treated previously with
models [46,82,83] that match the hydrogenic exciton picture [84]. The field-dependent tunnel

ionization rate is given by,
D(F) = w()*™ eF ..(5) ,

where n* is the effective principle quantum number of the ground state within quantum defect
theory, and,

4 m)V2E)?
*= 3qh

6" Ep|s(n)|?
©O3ar2(n*+1)

- -1/2
T 1 1
sG] = W(E D m>2>

The reduced/effective mass (pex , mg, or my, ) is m* and F is set equal to F,,,,. One should note
that, unlike the Merkulov model, the Chaudhuri model incorporates the Stark effect [85]. Thus,
incorporating the bF?2 term in Ez would be redundant, i.e. E; = E2. The non-integer effective
principle quantum number (n*) corrects for deviations from the purely hydrogenic case (n* = 1),
and is estimated by [81]:

m*13.6
mg(Kn )2

EgleV] = (6)

For X, with Eg = E2 = 270 meV [60], pex = 0.3 m, [60], and K = K* = 3.99 [60], then n* =
0.97. In the case of the STX, replacing Ep = E2 = 680 — 490 = 180 meV [65,66], then n* =
1.16. Both values of n* are fairly minor deviations from ideal hydrogenic states, which is
consistent with X and STX Bohr radii ( ag = 0.70 nm) that are several bond distances (0.19

nm) [86]. However, when the light electron is no longer present, as in the case of STHSs, all that
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remains is the highly-localized heavy hole expected to exhibit deep-level behavior along with a
local lattice distortion (polarization). In this case, an effective dielectric constant (Kg7 ) is not
known, and neither is the effective mass of the host B-Ga.Os valence band (mjy). In previous

literature no conclusion could be drawn about its value except that it is >10 m, [60,61].

There are several recent ab initio atomistic models of the STH in B-Ga>Os that provide a definite
length scale for the lattice distortion associated with the STH by calculating the probability density
function of the hole, which occupies a p-orbital of an O% site [87-89] . From these calculations,
ap of the STH is roughly half the average inter-ionic bond distance, indicating a strong departure
from the hydrogenic cases of the X and STX. Guided by these first principles calculations, we
consider ap = 0.06 — 0.14 nm, which limits the range of K7y * (mo/mpy = 1.1 — 2.7. Under this
constraint, Egns. (5-6) can be used to calculate D¢y with only one unknown parameter, m;,. As
will be discussed below, good quality fits (R? > 0.9) are obtained for a range of m;, = 18 —
25 m,, for the considered range of aj;. However, the highest quality fit (R?2~0.92) is obtained for
my, = 18.8 mg, with ag = 0.127 nm ( Kg75 = 45 and n* = 0.51). The reduced n* and increased

K are consistent with a deep-level in a distorted dielectric environment.

Utilizing Eq. (5) with mj, = 18.8 my (n* = 0.51) and zgr = 0.045 fs, Dy, Dgrx, and Dsry @S a
function of F are calculated. The inverses of these rates, i.e. dissociation times, are plotted on a
logarithmic scale in Fig. 5b. Clearly Dg¢ry (tunnel-ionization of self-trapped holes) is the rate
limiting process for photocurrent generation. We obtain quantum efficiencies for both paths (n,
and n,), plotted in the inset of Fig. 5b. The rise in experimentally measured I35 at ~4.5 MV/cm is
obtained by path 2’s behavior (STX->STH->free carriers). Path 1 (X dissociation) dominates the
photocurrent at low field, where the STH produced along path 2 cannot be ionized quickly enough

to avoid recombination. But at sufficiently large fields, path 2 can contribute once Dy Outpaces

RSTH'
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The hole effective mass, m;, strongly impacts the tunneling rate of holes out of the self-trapping
potential (Eq. (5)), and therefore m;, is well determined by the threshold field at which path 2
begins to contribute to photocurrent. This is illustrated in Fig. 5c; keeping zgr = 0.045 fs, if m;, <
17.5 my, the path 2 turn-on happens too early (<4 MV/cm), while for m;, > 25.5 m, the turn-on
happens too late (>5 MV/cm). The best fit hole mass (m; = 18.8 m,) matches the observed I3,
high-field turn-on at ~4.5 MV/cm.

The self-trapping time (zg) of holes determines if any photocarriers can follow path 2 (i.e. n, /1),
and thus the ratio of the low field (path 1) and high-field (path 2) photocurrent magnitudes. This
is illustrated in Fig. 5d; keeping my,= 18.8 mo, if 75 is <0.01 fs, the low-field photocurrent is too
small, while if 75 is >1 fs, then no high-field turn-on is observed. We note that the estimated zg;-
= 0.045 fs is consistent with the ultrafast pump-probe absorption data in Ref. [67]. taken at lower
photon energies noting the time-resolution limitation of those experiments. Using this field-
dependent model of n, Fig. 5e shows the modeled I spectral behavior at varying F values. The
calculated I3, values are normalized by the highest-field value and plotted as a function of F in

Fig. 5f. The model (line) shows a good match to the normalized data (points) taken from Fig. 5a.

IV.  CONCLUSIONS AND OUTLOOK

The optoelectronic properties of ultra-wide bandgap low-symmetry materials, like B-Ga2Os, are
far less explored compared with other well-established semiconductors. Using a rather simple
measurement (photocurrent spectroscopy in the sub-bandgap regime), a deeper understanding of
electron-hole interaction in the strong-field limit was obtained. Just as in 2D TMDs [14,50], the
electron-hole interaction in B-Ga.Oz takes on a 2D Hydrogen-like geometry leading to strong
polarizabilities combined with large exciton binding energies. The result is that under large electric
fields, the electron-hole interaction becomes even stronger, i.e. Stark effect, leading to a prominent

redshift of the exciton absorption peak.
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The exciton peak position was shown in p-GazOz to serve as an accurate sensor of the electric field
maximum in a Schottky diode structure. We observed a local electric field saturation effect, where
the local field does not increase past ~6 MV/cm (nearly the breakdown field of B-Ga>Oz) even
though the experimentally applied bias increases (as does the photocurrent amplitude) indicating
that this technique can be used to map out field non-uniformity and explore the onset of dielectric

breakdown in a non-destructive manner, before actual device breakdown (current spiking) occurs.

Not only does this measurement provide a simple spectral means to track the local field, but the
amplitude of the photocurrent versus electric field reveals a very unusual field-dependent quantum
efficiency. At ~4.5 MV/cm, the peak amplitude shows an abrupt turn-on (threshold). This non-
linear phenomenon is understood by developing the photocurrent rate equations for p-Ga,O3
considering the free exciton (X), self-trapped exciton (STX), and self-trapped hole (STH) field-
dependent dissociation rates and ionization rates. As the excitons and STH in B-Ga.Oz are strongly
bound, and the effective masses of holes are large, a deep-tunneling based field-ionization model
was employed to model the ionization rates. Using literature values of the carrier lifetimes, the
amplitude variation with field was fit to estimate two fundamental properties of the B-Ga2Os
valence band, the hole effective mass (18.8 m,) and the hole self-trapping time (0.045 fs)
assuming an STH Bohr radius of 0.127 nm. Although this simplistic isotropic model ignores the
anisotropy of the STH state, the results are consistent with previous atomistic ab initio studies,
indicative of STH localized within 0.06 — 0.14 nm. Within quantum defect theory, we find a
reduced effective principle quantum number n* = 0.51, which is consistent with the STH

exhibiting deep-level character and an increased polarizability due to the local ionic distortion.

For a long time, strong-field exciton physics in 3D solids has evaded direct measurement and
guantitative modeling. This is partly due to the scarcity of 3D materials with simultaneously large
E, and ag, and partly due to limitations arising from smaller breakdown fields even when such
materials can be found. As a result, this regime of exciton field-polarization physics was reported
only for 1D quantum wires and more recently in 2D TMD materials [14,50,90]. Even then, the
models could only qualitatively explain the results unless complex numerical methods were

employed. However, in B-Ga;0s3, the exciton Stark and Franz Keldysh phenomena can be
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explained using a simple modified-Wannier-Mott based model [36,39,81] . With the advent of a
non-destructive optoelectronic method to measure electric field based on a spectral peak position,
it may become more routine to quantify and study excitonic absorption and dissociation mediated
photocurrent generation processes in semiconductors with strongly bound and anisotropic

excitons.
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Figure Captions
Fig. 1: Electric-field modified exciton absorption, dissociation, and carrier ionization processes in
the depletion region of a 3-Ga>03 Schottky barrier diode. (a) The photon flux is focused to a point
(x,y) on the device surface, while an applied reverse bias and Schottky barrier cause a depleted
region with a non-zero electric field (F) along the z-axis. Absorbed sub-bandgap photons generate
neutral free eXcitons (X) formed by Coulombic electron and hole interaction and different
ionization processes take place leading to photocurrent from drifting free carriers. F distorts the
conduction band (CB) and valence band (VB) edges which allows e-tunneling based dissociation
of X. Within X, holes generate a lattice distortion that locally binds holes generating neutral Self-
Trapped eXcitons (STX), which themselves can dissociate by e-tunneling. Afterward, a Self-
Trapped Hole (STH) is left behind. For these immobile charges to contribute to current, they must
be field-ionized by h-tunneling out of the trapping potential. (b) Band edge diagram of the Schottky
diode structure and layer structure. (c) Schematic of absorption coefficient (o) modified by F, the
Franz-Keldysh effect. The sub-band-gap X absorption peak is red-shifted with the field, whereas

the band edge absorption edge shows a field-induced broadening.

Fig. 2: Polarization and frequency dependent photocurrent spectroscopy of B-Ga>Osz Schottky
diodes. (a) Schematic of device structure on a B-Ga>O3z (010) oriented crystal, and excitation
geometry showing the polarization angle and crystallographic axes. (b) Representative
photocurrent spectra normalized by excitation power (photoresponsivity, Ipr) at various values of
reverse bias (V). Black circles indicate the peaks in ler as fitted by “bi-Gaussian” peak fitting
routine. (c) Same data plotted on a semi-logarithmic scale. (d) Polarization-angle (6) dependence
of the photocurrent peak position (E;,’h) relative to the peak position at 6 = 0° (parallel to [100])
revealing the anisotropy of exciton absorption in B-Ga2O. Line is a guide to the eye. (e) Peak
amplitude (I3z) as a function of illumination time (plotted on a semi-logarithmic scale). (f) Peak

position (E;,’h) as a function of V,,,. (g) Peak amplitude (19) as a function of Vexp-

Fig. 3: Spectral observation of the breakdown limit of B-Ga>Os by local electric field (F)

measurement. Two hypothetical electrostatic conditions are simulated. (a) Field profiles F(z) at
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with varying peak field values (F,,,,), but with applied bias (V) held constant. (b) F(z) with
constant F,,,,, but varying V. (c) and (d) plot the photoresponsivity spectra modeled using Eqs.
(2-4) (assuming n = 1) for the field profiles shown in (a) and (b), respectively. (e) Peak position
(Egh) extracted from the simulated spectra of (c) and plotted as a function of E,,,, demonstrating
E},’h as a spectral detector of F,,,,. (f) The data of Fig. 2b are replotted by using (e) as a transfer
function to convert the spectrally measured E{,’h values to estimated F,,, values that are then
plotted as a function of the experimentally applied reverse bias (V,,,). The spectrally estimated
Fqx Saturates near the theoretical breakdown field of B-Ga2Os before global device breakdown is

observed. Line is a guide to the eye. (g) The dark I-V of the device shows the beginning of the
breakdown, which occurs in between 40 to 60 V.

Fig. 4: Photocurrent production pathways in B-Ga>O3 due to field-induced neutral free-eXciton
(X) dissociation and carrier ionization processes. X dissociate at a rate Dy by e-tunneling into the
conduction band (CB) generating free electrons and holes that drift to the electrodes along
photocurrent path 1. Alternatively, holes can become self-trapped at a rate 757 forming self-
trapped eXcitons (STX), which themselves are dissociated by e-tunneling at a rate Dg;x, otherwise,
they recombine at a rate Rgrx. If STX dissociate, they leave behind a Self-Trapped Hole (STH)
that itself can either dissociate at a rate Dgr; by h-tunneling into the valence band (VB), otherwise,
they recombine with free-electrons at a rate Rgry. Path 1 is preferred at the low field with a

probability of n; = ny, while path 2 becomes possible at high-field with a probability of n, =
(1 —nx) *Nsrx * NsTH-

Fig. 5: Field-dependent dissociation of self-trapped excitons and holes in B-Ga0z. (a)
Photoresponsivity peak amplitude (I3%z) as a function of field maximum (F,, ) obtained by
replotting the data of Fig. 2c and converting the experimental reverse bias to F,,,, using Fig. 3f.
(b) Dissociation times as a function of F calculated using Eq. 5. Inset: resulting quantum
efficiencies of the two photocurrent production paths (see Fig. 4) as a function of F. The total
quantum efficiency, n as a function of field F with varying (c) hole effective mass my) and (d)

self-trapping time (zgr) illustrating the sensitivity of the exciton and self-trapped hole field-
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ionization model to these material parameters. () Normalized photoresponsivity (I5z) spectra at
various F modeled using Egs. (2-5), i.e. n(F) #1. (f) Normalized I3 as a function of F, comparing
the data and the best fit. Data are from (a) and theory from (e), where the I3, are normalized by

the maximum value of I35.
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