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ABSTRACT 

Chromium (Cr) is a common impurity in β − Ga2O3 crystals, where its characteristic R1 and R2 

luminescence lines are susceptible to both the host crystal field and externally applied fields. In 

this work, we demonstrate that the Cr cathodoluminescence (CL) quenches toward the bulk of the 

crystal but enhances with applied reverse bias, reflecting the effect of free carrier depletion with 

increasing electric field. Furthermore, we illustrate that the R1/R2 CL intensity ratio, measured as 

the integrated area ratio of R1 to R2, can be used as a direct probe of the electric field in a Ni-β − Ga2O3: Cr Schottky diode. This optical calibration method provides a complementary 
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 2 

approach to conventional C-V and I-V measurements for determining electric field strength in the 

depletion region of β − Ga2O3-based Schottky diodes and can be extended to other 

semiconductors and multilayer device structures. 

 

The beta phase of gallium oxide (β − Ga2O3) is thermodynamically the most stable form of 

gallium oxide among its polymorphs1,2,3,4 and has emerged as a promising candidate for power 

electronics, due to its ultra-wide bandgap (~4.8 eV) and high electric breakdown field (~8 

MV/cm).5,6 Despite these advantages, experimental studies7,8,9,10 have consistently reported 

premature breakdown in β − Ga2O3 devices compared to theoretical predictions, which poses a 

significant challenge to their practical applications. Doping concentration11,12, metal impurity 

diffusion, and lattice distortion resulting from interface and bulk defects13 are usually the major 

factors that alter the built-in electric field distribution and contribute to early breakdown. It is, 

therefore, important to understand electric field distribution in β − Ga2O3 Schottky diodes and 

other heterostructure devices. Conventional characterization techniques, such as capacitance-

voltage (C-V)14,15 and current-voltage (I-V)16 measurements, allow for the extraction of doping 

concentration, Schottky barrier height17 and depletion width18, from which the electric field is 

determined. However, these techniques are insufficient to measure electric fields within 

intermediate, nanoscale layers of heterostructure devices. Here, we demonstrate an alternative 

approach: using chromium cathodoluminescence as a sensitive, nanoscale gauge of built-in electric 

field inside β − Ga2O3 Schottky diodes and under applied bias. 

Chromium (Cr) is an impurity in β − Ga2O3, introduced either intentionally or unintentionally 

during the melt growth method.19,20 Cr substitutes preferentially for Ga at the octahedral Ga(II) 
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site, forming a Cr3+ optical center.21,22 The combined effect of crystal field and the spin-orbit 

coupling at the octahedral site split 3d3 orbital of Cr3+ into multiple sub-levels. As a result, two 

absorption transitions are observed (4A2 → 4T2 and 4A2 → 4T1), along with a doublet emission 

transition (2E → 4A2).23 These characteristic emission lines, known as R1 and R2 or “red lines”, 

appear at 696.6 nm (~1.78 eV) and 690 nm (~1.80 eV), respectively, at room temperature.24,25  

Previous studies have shown that the luminescence of R1 and R2 lines in β − Ga2O3 is sensitive 

to external perturbations, such as pressure, temperature, and magnetic field. Barmore et al.26 

reported that in Czochralski (Cz)-grown β − Ga2O3, the R1-R2 splitting and their individual 

photoluminescence (PL) peak intensities increase significantly under both hydrostatic and non-

hydrostatic pressure up to 9.2 GPa. Under non-hydrostatic conditions, the position of R1 and its 

integrated peak-area increase more strongly than those of R2, leading to a decreasing R2/R1 

integrated peak-area ratio with pressure— evidence that R1 and R2 respond differently to applied 

pressure. Similarly, Remple et al.27 studied the temperature-dependent PL of R1 and R2 in Cz-

grown β − Ga2O3 and observed that the integrated peak-area of R1 increases more rapidly than 

that of R2 as temperature decreases from 300 K to 20 K. Below ~50 K, R1 dominates in both 

intensity and integrated peak-area due to the thermal depopulation of R2 line, again highlighting 

their distinct temperature dependence. In a magneto-PL spectroscopy study of Cr3+ in an undoped 

Cz-grown β − Ga2O328, Zeeman splitting of first excited state (2E) and the ground state (4A2) was 

observed under a 5 T magnetic field at 5 K. Specifically, 4A2 splits into four spin sublevels and 2E 

of R1 into two spin sublevels, giving rise to 8 possible optical transitions for R1. Furthermore, 

similar splitting due to the pseudo-Stark effect has been reported in Cz-grown Cr-doped β − Ga2O3 

under applied electric field.23 
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Figure 1: (a) Device schematic showing reverse biasing and the cathodoluminescence of energy ℎ𝜈. (b) Energy band diagram of a 𝑁𝑖/𝐴𝑢 − 𝛽 − 𝐺𝑎2𝑂3: 𝐶𝑟 Schottky diode that shows band 

bending with applied reverse bias (V0 +VR) and the depletion width (W). EFM and EFS represent 

the Fermi level in Ni/Au and 𝛽 − 𝐺𝑎2𝑂3: 𝐶𝑟 regions, respectively. (c) ln(I) – forward bias (V) 

characteristics of the diode that provides the Schottky barrier height (SBH) and the ideality factor. 

(d) 1/C2 – reverse bias (VR) characteristics of the diode that provides the built-in band bending 

(V0) and the effective donor concentration (ND). 

β − Ga2O3: Cr crystals were grown by the Czochralski method29,30,31 at Washington State 

University, Institute of Materials Research.32 Cr concentration was batched at 0.05 atomic % from 

a 3N7 (99.97%) purity Cr2O3 precursor and 5N (99.999%) purity β −Ga2O3. The Ni/Au Schottky 

contacts were patterned on the (100) β −Ga2O3 using a Heidelberg MLA150, and the metals were 

deposited via e-beam evaporation with a CHA Solution System E-Gun Evaporator at NanoTech 
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West, Ohio State University (OSU). An array of circular Schottky contacts with diameters ranging 

75 - 350 micrometers was deposited. Ni was 27 nm thick, capped with a 10 nm Au layer to prevent 

oxidation and to provide a good electrical contact during biasing. Figure 1(a) shows a 

representative Schottky contact with a diameter of 350 μm. The Ti/Au Ohmic contact was 

unpatterned, instead deposited to cover entire substrate backside using e-beam evaporation at 

AFRL, Dayton, Ohio. The diode was biased with a 2400 Keithley Sourcemeter. The biasing was 

performed in an ultra-high vacuum (UHV) environment. Capacitance-Voltage (C-V) 

measurements were taken with an HP 4192A LF Impedance Analyzer at an input ac frequency of 

a 1000 kHz. Depth-resolved Cathodoluminescence Spectroscopy (DRCLS) was performed in an 

UHV 7800F JEOL JAMP Scanning Electron Microscope. Figure 1(b) shows the schematic of a 

Ni/Au-β − Ga2O3: Cr energy band bending and the depletion width under the applied reverse bias 

condition. 

All diodes investigated in this work were initially forward biased from 0 V to 2 V to confirm 

Schottky barrier turn-on. Figure 1(c) shows the current-voltage (I-V) characteristics of a 

representative diode in a semi-logarithmic plot. From the slope and the intercept of the linear fit, 

the Schottky barrier height (SBH) and the ideality factor were computed as 1.08 eV and 1.12, 

respectively. The obtained SBH is in close agreement with the theoretical Schottky-Mott limit33 

and previous experimental works.34,35,36 Subsequently, the capacitance-voltage (C-V) 

characteristics were measured under reverse bias. Analysis of 1/C2 versus reverse bias (-V) plot 

yielded a built-in potential of 0.89 V and an effective donor concentration of approximately 4.3 × 1016 /cm3, as shown in Fig. 1(d). 

Fig. 2(a) shows the depth-resolved cathodoluminescence spectroscopy (DRCLS)37,38,39 of a Cz-

grown β − Ga2O3: Cr under no-bias conditions. The Bohr-Bethe penetration depth (RB)40 was 
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 6 

estimated from a Monte Carlo depth simulation program, CASINO, and the spectra were 

deconvolved using the MagicPlot program. The deconvolution shown for the RB=2 nm spectrum 

reveals Cr emission lines, R1 and R2, centered at 1.74 eV and 1.78 eV, respectively. Their peaks 

in Ga2O3 are typically expected at 1.78 eV and 1.80 eV, respectively.27 The observed deviation in 

the R1 and R2 peak energies likely arises from deconvolution uncertainties, charged-coupled 

device (CCD) calibration, or ambient conditions during the measurements. 

 

Figure 2: (a) Depth-resolved Cathodoluminescence Spectroscopy (DRCLS) of 𝛽 − 𝐺𝑎2𝑂3: 𝐶𝑟 

under zero reverse bias condition. RB represents the Bohr-Bethe penetration depth below the 

interface. Deconvolution of the spectra is shown for RB= 2 nm. (b) The Cr intensity, defined as the 

sum of integrated peak areas of R1 and R2 emissions, normalized by the total integrated area of 

the corresponding spectrum, and plotted as a function of depth below the interface. 

In addition to Cr-related emissions, higher energy emissions are observed at 2.5 eV, 2.90 eV, 3.15 

eV, and 3.50 eV. Based on previous experimental reports41,42,43 and theoretical expectations44,45, 
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 7 

2.5 eV is attributed to a gallium vacancy complexed with hydrogen (VGa-H), 2.90 eV and 3.15 eV 

to gallium vacancy (VGa) complexes, and 3.50 eV to oxygen vacancies (VO).  

Since this work centers on Cr-related cathodoluminescence, we restrict our discussion to only the 

R1 and R2 peaks. As shown in Fig. 2(b), the Cr intensity, defined as the sum of integrated peak 

areas of R1 and R2 and normalized by the total integrated area of the corresponding spectrum, 

decreases with increasing penetration depth. This suggests either (i) Cr segregation toward the 

interface, (ii) free carrier depletion effects,46 or (iii) a proportional decrease of the 2.5 – 3.6 eV 

defect intensities. Furthermore, the Cr intensity at a specific depth below the interface increases 

under reverse bias, which is shown in the supplementary materials, Fig. S2. The applied reverse 

bias widens the depletion region and pushes free carriers (electrons) away from the interface. 

Consequently, the local free carrier concentration decreases at this depth, leading to enhanced Cr 

emission. This observation supports the free carrier depletion effect proposed in (ii). 

                         

Figure 3: Ratio of integrated peak-area of R1 to R2, A(R1)/A(R2), as function of depth under zero 

applied bias (VR= 0 V). The ratio decreases with increasing depth and follows a power-law decay 

equation of the form ax-b.  
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 8 

We investigate the relative intensity of the R1 and R2 through the integrated peak area ratio, 

A(R1)/A(R2), versus depth below the interface. As shown in Fig. 3, the ratio is largest near the 

interface and decreases with increasing depth under zero applied bias. The ratio approaches almost 

unity at the end of the depletion region (W= 167 nm), which indicates that the relative contributions 

of R1 and R2 become nearly equal. This trend suggests that the R1 emission is more prominent in 

the regions of stronger built-in electric field near the interface and decreases more rapidly with 

depth compared to R2, likely reflecting a stronger influence of free carriers and the electric field 

in the bulk on R1. The depth dependence of the ratio is best described by a power-law decay of the 

form A(R1)/A(R2) = ax-b, with a = 1.276 ±  0.009 and b = 0.039 ± 0.002, where x is the depth 

below the interface.  

 

Figure 4: Ratio of integrated peak area of R1 to R2, A(R1)/A(R2), as a function of applied reverse 

bias at (a) 2 nm (b) 45 nm (c) 100 nm and (d) 165 nm below the interface. 
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 9 

To further examine the field effect, we study the reverse bias dependence of R1/R2 intensity ratio 

at different depths below the interface. As shown in Fig. 4, the ratio increases with increasing 

reverse bias, which can be attributed to the effect of increased free carrier depletion with higher 

reverse bias at a given depth. As R1/R2 ratio increases with the reverse bias, the rate of increase is 

higher for R1 than R2, which suggests that R1 emission is more sensitive to and increases faster 

with the electric field than R2. 

                          

Figure 5: A calibration of the built-in electric field in the depletion region as a function of R1 and 

R2 peak area ratio. The electric field is approximated to follow a power law equation with 

A(R1)/A(R2) of the form A-Bx-C. The data in Fig. 5 originates from Fig. 3. 

The systematic variation of R1/R2 intensity ratio with the depth and applied reverse bias confirms 

that the ratio provides a direct optical signature of electric field in β − Ga2O3: Cr. In the following 

discussion, we show that the built-in and applied electric fields can be estimated from the measured 

R1/R2 intensity ratio. In particular, the electric field in a semiconductor is qND(W − x)/ϵS, where q is the free carrier charge, ND is the effective donor concentration, W is the depletion width, x is 
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 10 

the depth, and ϵS is the dielectric permittivity. By combining the depth dependence A(R1)/A(R2) 

with the electric field distribution, the electric field is written as E = (Emax − ξ (A(R1)A(R2))−1/b), 

where Emax = qNDW/ϵS and ξ = qNDa1b/ϵS. 

Fig. 5 shows the variation of the electric field as a function of A(R1)/A(R2). The data are well 

described by a best-fit equation of the form A − Bx−C , with A = 0.108 ± 0.007 MV/cm, B =0.295 ± 0.006 MV/cm and C = 23.01 ± 4.40, which are in excellent agreement with the expected Emax , 𝜉 and 1/b, respectively. The results indicate that higher electric field corresponds to a larger 

R1/R2 ratio, implying that R1 emission increases more than R2 with increasing electric field. This 

non-linear response of the measured R1/R2 intensity ratio can therefore be utilized as a tool to 

measure the built-in electric field in β − Ga2O3, reducing the need for depletion width 

measurements and the effective donor concentration in determining a Schottky diode’s electric 

field. Furthermore, in Fig. S3 of supplementary materials, we present the calibration of the applied 

electric field with the measured R1/R2 intensity ratio at different depths. The ratio shows a linear 

response to the applied electric field, which further confirms that R1 emission increases faster with 

electric field than R2. The established calibration thus enables the measurement of applied electric 

field with optical emission of Cr R1/R2 relative intensity without the need for the electrical 

contact-based measurements. 

In summary, we investigated the depth and reverse bias dependence of Cr cathodoluminescence in 

a Cz-grown β − Ga2O3: Cr Schottky diode. The quenching of Cr intensity and the corresponding 

change in the R1/R2 intensity ratio in the bulk, along with their enhancement under applied reverse 

bias at a particular depth indicate that the free carrier depletion plays a key role in governing the 

Cr emission.  
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In general, experimental parameters affect the intensities of the R1 and R2 lines differently and 

cannot be explained merely by the equilibrium occupations of the two levels. The splitting between 

R1 and R2 is governed by spin-orbit and crystal field effects. Hydrostatic pressure perturbs the 

interaction between Cr3+ and the crystal field, causing changes in nonradiative recombination rates 

for the R1 and R2 states.26 Temperature has a similar effect due to electron-phonon coupling.27 

Alloying and nonhydrostatic stress also affect the levels, with the R1 response stronger than that 

of R2.27,26 The present work adds electric field to the class of external perturbations for which R1 

is more sensitive than R2.  

We have shown that the intensity ratio can be utilized as a tool to measure the electric field in β −Ga2O3 devices, establishing a direct optical calibration of electric field strength without requiring 

separate measurements of depletion width and donor concentration. Whereas conventional C-V 

and I-V techniques lack 3-dimensional spatial resolution, Fig. 5 shows that β-Ga2O3
47 as well other 

materials such as Al2O348,49, GaAs50,51,52,53,54, and GaN55 can be probed by the R1/R2 CL intensity 

ratio technique since Cr can be intentionally doped or it occurs naturally as an impurity. This 

approach offers applications for characterizing electric field gradients associated with dielectric 

breakdown in  − Ga2O3 diodes as well as other Ga-based semiconductor interfaces since Cr is a 

common impurity in Ga source material for growth,13,19,25  and the DRCLS technique enables 

electric field gradient characterization across and inside metal/  − Ga2O3 diodes spatially on a 

nanoscale in three dimensions. Beyond β − Ga2O3 Schottky diodes, insertion of Cr fractional 

monolayers near other semiconductor heterojunction quantum wells could provide direct 

measurement of electric field gradients that can spatially separate electrons and holes inside 

quantum wells, which would degrade their absorption, recombination and light output.56 More 
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 12 

generally, spatial distribution measurements of electric field gradients within and across 

semiconductor devices could influence nanoscale device design. 

SUPPLEMENTARY MATERIAL 

Additional experimental details, including Monte Carlo simulations, cathodoluminescence spectra 

and Cr intensity under reverse bias conditions, applied electric field calibration with R1/R2 

intensity ratio, and best-fit parameters of electric field vs. R1/R2 intensity ratio.  
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