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Abstract 

Electrical and optical properties of nominally-undoped high-resistivity -Ga2O3 epitaxial films are presented, 

along with the ultraviolet detection performance of solar-blind photodetectors fabricated from these epilayers. 

The photodetectors exhibited a solar-blind rejection ratio higher than 104, reproducible on-off switching times 

and a remarkable photo-gain (up to 103). The latter can be ascribed to either a strong trapping effect of free 

holes by deep levels inducing a majority carrier excess Δn with respect to the minority carriers Δp, or to a hole 

mobility several orders of magnitude lower than the electron mobility, both the hypothesis being consistent 

with literature data. A saturation of the gain, dependent on detector size, was observed beyond a certain applied 

voltage, that is consistent with a minority carrier diffusion length of a few 10-5 cm.  

Non-critical growth conditions, reproducibility and intrinsic spectral selectivity together with good UV-

detection performance make Ga2O3 a suitable material for solar-blind ultraviolet photodetectors.  

 

1. Introduction 

 

Recently, solar-blind photodetectors (PD) for the C-range of the ultraviolet spectrum (UV-C) based on wide 

bandgap semiconductors have attracted great attention for their potential civil and military applications  [1, 2, 

3]. 

The ultraviolet (UV) radiation covers the wavelength range (400÷10) nm, commonly divided into four sub-

ranges:  UV-A (315 nm < λ < 400 nm), UV-B (280 nm < λ < 315 nm), UV-C (100 nm < λ < 280 nm) and 

extreme ultraviolet EUV (10 nm < λ < 120 nm) [4]. 

The sun radiates light over the entire UV spectrum, but the UV-C solar radiation is absorbed by atmospheric 

diatomic oxygen and by ozone, so that photons in the wavelength range 100 nm to 280 nm do not reach the 

ground. What reaches the Earth surface, in fact, is over 95% UV-A with a small contribution of UV-B.  

Detectors exhibiting a cut-off below 280 nm are called solar-blind photodetectors, as no electrical signal is 

produced in daylight conditions.  

Binary wide-bandgap semiconductors such as GaN [5], SiC [6] and ZnO [7] are in principle suitable for 

fabricating UV light detectors, but in order to meet the criteria of a solar-blind UV-C photodetector, external 

optical filters are required to prevent the longer wavelength from reaching the detector and generating photo-

carriers. On the other hand, semiconductor ternary alloys with wider bandgap such as AlxGa1-xN [8] and 

MgxZn1-xO [9] emerged as competitive technology for solar blind applications. However, these ternary 
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compounds suffer from phase segregation [10, 11], which introduces defects at the boundaries of discrete 

domains reducing the detection performance.  

Recently, Ga2O3 attracted much interest for its unique advantages over other wide-bandgap semiconductors, 

including intrinsic UV-C spectral selectivity, high breakdown voltage and Baliga figure of merit. Furthermore, 

homoepitaxy is made possible by the availability of large Ga2O3 substrates, obtained from Czochralski or Edge-

defined Film-fed Growth (EFG) single crystals. The melt growth of bulk Ga2O3, combined to easier epitaxial 

conditions for Ga2O3 than for the well-established nitride and silicon carbide semiconductors (lower deposition 

temperature and use of inexpensive O2 or H2O as one of the precursors), provide the precondition for a cost-

effective oxide-based technology for optoelectronics and power electronics [12].  

The Ga2O3 is known to have five polymorphs, labeled α, β, γ, δ, and . The monoclinic β-phase has been the 

focus of most research so far [12], as it is thermodynamically stable and can be prepared in form of single 

crystals  [13] and thin films [14] . 

However, β-Ga2O3 has a low symmetry structure (monoclinic) and presents anisotropic physical properties, as 

well as strong tendency to cleavage, which poses serious problems when going to device manufacturing. 

For these reasons, there is an increasing interest about “novel” Ga2O3 polymorphs with more symmetric 

structure, among them the  phase, with orthorhombic crystal lattice. It must be noted here, that the literature 

very often confuses the polymorphs  and  due to an initial misinterpretation of the six-fold diffraction 

patterns typical of such epitaxial films. Only later a very accurate TEM investigation revealed that this 

apparently hexagonal symmetry is actually produced by 120° rotational domains, all of them c-oriented with 

respect to the substrate [15].  

The phase offers the possibility of coupling a wide energy bandgap, similar to the β-one, with less critical 

epitaxial growth conditions, in particular an even lower deposition temperature. Although intrinsically 

metastable, no variations in the crystallographic structure of Ga2O3 are observed up to about 700°C, whereas 

a complete conversion to the stable monoclinic -phase occurs only above 900°C  [16]. In the literature, only 

few articles [17-20] report information on the electrical, optical and photoelectrical properties of Ga2O3:       

according to [18, 20] the room temperature (RT) bandgap is 4.7-4.8 eV while at low temperature the bandgap 

is about 5 eV [20]; not intentionally doped layers obtained by metal organic chemical vapor deposition 

(MOCVD) using Helium as carrier gas, exhibited RT resistivity values consistently higher than 107 cm [18].  

UV-C photodetectors based on Ga2O3 could be integrated in solar-blind UV cameras for monitoring the 

corona discharge, a typical phenomenon that preludes failure of ceramic isolation in high voltage electrical 

systems, such as electrical transmission lines and power transformers [21]. Moreover, they may work as flame 

detector, for the early forest fire detection, as well as for anti-fire surveillance in high-risk facilities (powder 

silos, fuel transport, depot of explosive materials, etc…) [22]. 

Several PD based on 𝛽-Ga2O3 have been reported in the literature, mainly fabricated from heterojunctions [17].  

In this work a thorough study of the UV photoresponse in resistive planar devices based on nominally undoped 

Ga2O3 thin films is presented. In the discussion, the optical interaction between photons and active materials 

and the carrier transport processes are separately examined. In particular, the investigation has been focused on 

the dependence of the photo-gain on the applied bias for different electrode spacing. An estimate of the diffusion 

length of minority carriers is proposed, and an accurate evaluation of the rejection ratio is made by comparing 

the photoresponse under UV-C radiation with that at the whole sunlight radiation given by a solar simulator. 

 

2. Experimental  

 

Metal-semiconductor-metal (MSM) test structures were prepared on highly resistive nominally undoped 

Ga2O3 thin films, similarly to preliminary experiments reported in [23]. The layers were grown by MOCVD 

on c-oriented Al2O3 substrates, using He as carrier gas. The epitaxial films had thickness of approximately 1 

m. and further details on the growth process were reported in [24]. X-ray diffraction (XRD) and SEM analysis 
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(not reported here) confirmed that the films were single phase with good morphology. Typical optical 

absorption data have previously been reported in Ref. [18], while details on the domain crystal structure of 

Ga2O3 can be found in in Ref. [15].  

Planar electrodes of SnOx/ITO/Au [25] were sputtered on the surface of films through a stencil metal mask to 

fabricate four couples of contacts, differently spaced of L1 = 0.2 mm, L2 = 0.4 mm, L3 = 0.8 mm, L4 =1.6 mm, 

as shown in Fig. 1.   

Each pair of adjacent contacts was biased in the range 0 ÷ 400 V by means of a Keithley Source-Meter Mod. 

2400 (sensitivity 0,1 nA) while current-voltage curves (I-V) were recorded under monochromatic UV-C 

illumination ( = 250 nm). The ohmic behavior of electrodes was reproducibly verified on a large number of 

films, confirming the robustness and reproducibility of the fabrication procedure. 

The spectral photoresponse of these photoresistors was investigated by illuminating the free surface between 

adjacent contacts with a monochromatic light from an Oriel optical system consisting in a 250 W halogen lamp 

and a monochromator with wavelength resolution of 3 nm and spectral range 200 – 1000 nm. The spectral 

irradiance of the optical system was measured with a calibrated photodiode sensor (Newport 818 UV). Spectral 

responsivities were acquired at a fixed voltage of 200 V in the wavelength range 250 ÷ 650 nm. 

 

 

 

Fig.1: Schematic illustration of MSM test structures (a, b). Panel (c) shows the top view of the effective 

illuminated area 𝐴𝑐 = 𝑊 ∙ 𝐿 (c1) and the cross section 𝐴𝑠 = 𝑊 ∙ 𝑑 (c2 sketch), where 𝐿 is the distance between 

two adjacent contacts,  𝑊 is the contact length, and 𝑑 is practically the thickness of the film in this case, as in 

principle it is twice the absorption length at the gap wavelength (see text for details). 
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The UV-C sensitivity of detectors was then evaluated by varying the irradiance from 40 W/cm2 to about 0,2 

W/cm2 using neutral UV filters, and by testing stability and reproducibility of the transient photoresponse 

during on/off illumination cycles.  

Finally, the effective solar blindness was tested comparing the photoresponse under sunlight with the UV-C 

photoresponse at 250 nm. Sunlight measurements were carried out using a solar simulator Oriel Mod. 81160-

1000, designed to emit light with intensity and spectral composition similar to the natural sunlight, in AM 1.5 

conditions. The solar blindness of photodetectors is quantified, as usual, by the rejection ratio UV/VIS, 

evaluated by the responsivity curve, that is appropriately corrected to normalize the response of the 

photodetector to a uniform spectral irradiance. 

3.  Results and discussion 

 

a. Steady-state electro-optical characterization 

It is known that the wide-bandgap semiconductor Ga2O3 presents a number of deep levels, which can influence 

the response times to light switch on/off in photodetectors made with this material [26]. It is therefore 

mandatory to have a precise acquisition of transient and steady-state physical quantities characterizing a PD 

test device. In the following, the achievement of the stationary regime has been accurately controlled with a 

tolerance on the measured value of 2% (50 ± 1 A is the maximum value of measured current).  

I-V curves acquired in the dark on a large number of MSM test structures showed an ohmic behavior up to 

400V, in few cases associated to a moderate asymmetry of the characteristics for negative or positive voltage 

scans. The dark current at 200 V was 5 ÷ 10 nA, depending on the pair of contacts, indicative of the high 

resistivity of the layers. Low voltage measurements did not provide a measurable current as this was below 

the instrumental sensitivity. 

The I-V curves under UV-C illumination (250 nm) on the other hand exhibited a good ohmic and symmetric 

behavior in the range ± (0÷400) V, with a significant photocurrent of few µA at 200V, as shown in Fig. 2(a) 

for a low irradiance of about 0,31 W/cm2. However, a slight non-linear trend at small voltages, in the range 

± (1÷2) V, was observed as evidenced in the inset of Fig. 2(a). This behavior could probably derive from 

carrier trapping effects in the non-illuminated volume underneath electrical contacts. At low voltage, the 

flowing current is very low therefore the adjustment of spatial charge (related to traps) at the electrodes is very 

slow. The time required to reach the steady-state condition is longer the lower the applied voltage. At higher 

bias the contact region is crossed by tunneling [21] so that the stationary condition is reached rapidly, resulting 

in an ohmic regime of the current-voltage characteristics.  

To check the sensitivity of Ga2O3 to the UV-C radiation, photoresponse measurements under different 250 

nm radiation fluxes were carried out. The trend in the Log-Log scale in Fig. 2(b) can be expressed as a power 

law with a slope equal to 1.09, confirming a good linear behavior in the range 0.37 ÷ 30.2 µWcm-2 and a wide 

range of detection capability of photodetector. 

The responsivity R is the most important parameter to evaluate the real spectral selectivity of a photodetector 

and it is defined by: 

𝑅(𝜆) =
𝐼𝑃𝐶

𝑃𝑖𝑛𝑐(𝜆)
                                                 (1)  

 

where 𝐼𝑃𝐶 is the measured photocurrent, i.e. the current under light with respect to the dark current at the same 

effective voltage, and 𝑃𝑖𝑛𝑐 is the incident optical power at a fixed wavelength on the effective illuminated area 

Ac of the sample.  

The UV-to-VIS rejection ratio (RR) is the most important figure of merit of UV-C solar-blind photodetectors. 

In the present work, RR indicates the spectral selectivity of the device at 𝜆 = 250 nm with respect to 𝜆 = 500 



5 
 

nm and is defined as the ratio between the responsivity at 𝜆 = 250 nm (R250) and the responsivity at 𝜆 = 500 

nm (R500): RR = R250/R500. A value of RR greater than 104 indicates a negligible photoresponse to visible light, 

which is a mandatory requirement for UV-C solar-blind detection  [27, 28].  

A typical responsivity spectrum of the investigated Ga2O3 photodetector in the UV-VIS range is shown in 

Fig. 2(c). Marginal changes of the responsivity were observed upon change of the light intensity, as expected, 

whereas an always linear dependence of photocurrent on the light intensity was found in the investigated 

wavelength range. 

 

 

 

 
 

Fig. 2: (a) A typical I-V curve under UV-C illumination (λ = 250 nm), measured between the contacts 3-4. In 

the inset, the nonlinear trend of the photocurrent at low bias in the range ± (0÷10) V. (b) Photocurrent signal 

under UV-C light (λ = 250 nm) as a function of the irradiance at constant 200V bias. (c) Responsivity in the 

UV-visible region with 200 V applied to the 3-4 electrodes. 

 

It is useful to express the responsivity in terms of the external quantum efficiency EQE. Remembering that the 

photo-gain G is defined as the ratio between the numbers of photogenerated carriers collected by the electrodes 

Nel and the number of absorbed photons Nph,abs [29] and introducing the entity A()=
𝑁𝑝ℎ,𝑎𝑏𝑠(𝜆)

𝑁𝑝ℎ,𝑖𝑛𝑐(𝜆)
, the responsivity 

can be written as follows: 
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𝑅(𝜆) =
𝑒𝑁𝑒𝑙

ℎ𝑐

𝜆
𝑁𝑝ℎ,𝑖𝑛𝑐(𝜆)

𝑁𝑝ℎ,𝑎𝑏𝑠(𝜆)

𝑁𝑝ℎ,𝑎𝑏𝑠(𝜆)
=

𝜆𝑒

ℎ𝑐
∙ 𝐴(𝜆)𝐺(𝜆) = 𝑅𝑖𝑑𝑒𝑎𝑙(𝜆) ∙ 𝐸𝑄𝐸(𝜆)         (2) 

 

where 𝜆 is the wavelength of the incident radiation, ℎ is the Planck constant, 𝑐 is the speed of light, 𝑒 is the 

electron charge and the product 𝐴(𝜆)𝐺(𝜆) is the external quantum efficiency.  

The photo-gain G measures the carrier collection efficiency of the detector with respect to the density of 

incident photons, thus it strongly depends on recombination rate of photocarriers prior to collection at the 

electrodes. 𝐴(𝜆) is related to the absorbance, which takes into account of the effective number of photons 

absorbed by the active layer of the detector, hence it provides the number of free carrier pairs generated inside 

the active volume of the photodetector. If EQE = 1, i.e. in the ideal case of all photogenerated hole-electron 

pair collected at the electrodes, the responsivity for 250 nm photons should be Rideal = 0,21 A/W.  

Fig. 2c shows the spectral responsivity of a representative MSM test structure together with the ideal 

responsivity calculated at different wavelengths (green line). It is important to note that in the UV-C region 

the responsivity of the photodetector overcomes its ideal value: the photo-gain reaches values higher than the 

unit, whereas the responsivity remains well below its ideal value in the visible region. The understanding of 

this fact requires an analysis of photoconduction mechanisms, taking into account the transport properties of 

gallium oxide. 
 

 

b. Analysis of photo-gain 

 

Starting from Eq. (2), the photo-gain G can be written as: 

 

𝐺 =
𝑁𝑒𝑙

𝑁𝑝ℎ,𝑎𝑏𝑠
 =

𝑅

𝐴(𝜆)∙𝑅𝑖𝑑𝑒𝑎𝑙
=  

ℎ𝑐

𝐴(𝜆)∙𝑒𝜆

𝐽𝑝ℎ∙ 𝐴𝑠 

𝑃𝑖𝑛𝑐
 (3) 

 

where 𝐽𝑝ℎ is the photocurrent density flowing across the cross section of the film  𝐴 𝑠 = 𝑊 ∙ 𝑑, with 𝑊 the 

contact length and 𝑑 the thickness within which light is totally absorbed (see Fig. 1), generally estimated as 

about 2 times the radiation absorption length, then in our case it is comparable to the layer thickness. 

The evaluation of gain is of interest at the wavelength of the responsivity maximum, in our case at 250 nm.  

It is important to note that the entity A() could be much different from the unit if reflectance and transmittance 

of the film are not negligible (in the present discussion the reflections from the interface with the substrate is 

neglected). Transmittance, generally depends on the film thickness and on the radiation wavelength; however, 

in the UV-C region, where the gain is evaluated, a value of absorption coefficient for Ga2O3 > 104 cm-1 was 

reported [18]; therefore we are confident that the entire incident light at 250 nm is fully absorbed within the 

epilayer thickness.  

Introducing the carrier generation rate g, i.e. the number of free carriers generated per second in the unit 

volume: 

  

𝑔 =
𝑃𝑖𝑛𝑐

𝑉𝑔𝑒𝑛
∙

𝜆

ℎ𝑐
    (4) 

 

where Vgen = Ac d = WLd is the volume of layer that contributes actively to the photocurrent. The gain then 

becomes: 

 

𝐺 =
𝐽𝑝ℎ∙ 𝑊∙𝑑

𝑒𝑔(𝑊𝑑𝐿)
=

𝐽𝑝ℎ

𝑔𝑒𝐿
    (5) 

and Jph can be written, from the classical theory, in terms of electron and hole mobility, n and p respectively, 

concentration of photo-generated carriers n and p and electric field E: 
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𝐽𝑝ℎ  = 𝑒 (𝜇𝑛Δ𝑛 + 𝜇𝑝Δ𝑝) ∙ 𝐸              (6) 

Let us consider a high-resistivity n-type semiconductor, as is the case of Ga2O3. Under uniform illumination 

and low-injection conditions, absorbed photons generate an excess of electron-hole pairs that is uniform in 

space and independent of the applied electric field. The densities of both kinds of photo-carriers are equal and 

regulated by the recombination rate of minority carriers, so that Δ𝑛 =  Δ𝑝 = 𝑔 ∙  𝜏𝑝, where 𝜏𝑝 is the mean 

lifetime of the holes. The expression for G thus becomes: 

𝐺 =  
𝜏𝑝𝜇𝑝𝐸

𝐿
 (1 +  

𝜇𝑛

𝜇𝑝
) =

𝜏𝑝

𝜏𝑡
 (1 +  

𝜇𝑛

𝜇𝑝
)  (7) 

here 𝜏𝑡  =  𝐿 (𝜇𝑝 ∙ 𝐸)⁄  represents the transit time for holes under uniform electric field. This is the classic 

expression of the gain G in an ideal n-type photoconductor, which exhibits a linear dependence from the 

electric field. According to Eq. (7), in order to increase the gain one can reduce the transit time increasing the 

electric field and/or reducing the contact spacing. Extremely high values of G (up to 103 ÷ 105) measured in 

Ga2O3 MSM photodetectors [30] are not conceivable in the frame of the classical theory, neither as result of 

avalanche phenomena because the applied electric field does not overcome 103 ÷ 104 V/cm.  

This observation makes questionable the applicability of Eq. (7) and imposes a careful analysis of assumptions 

made for its derivation: 

 

1. homogeneously doped n-type semiconductors. 

2. lifetime 𝜏𝑝 = 𝜏𝑛, i.e. photo-generation rate is low (low-injection conditions), so that the electrical 

transport is ruled by minority carriers;  

3. excess of photo-generated free carriers Δ𝑛 = Δ𝑝 = 𝑔𝜏𝑝 , which is strictly true only if Δ𝑝 and Δ𝑛 are 

uniformly distributed in space and constant in time; 

4. the internal electric field is assumed to be uniform; 

5. trapping effects are neglected. 

 

It is important to observe that in a purely resistive photoconductor with a planar MSM geometry (ohmic 

contacts) a non-uniform carrier distribution is always expected at the electrode edges, where the illuminated 

part of detector is adjacent to the shaded region underneath the metal contacts (see Fig. 3). This effect is 

expected to be enhanced in a highly resistive material such as Ga2O3 (generally dark-resistivity  > 107 

Ω·cm) [31].  Nevertheless, Eq. (7) can still be considered valid at zero or low bias, when the non-uniformity 

of the concentrations of photo-carriers is confined in proximity of the contacts (Fig. 3a). In this case, the 

assumption Δ𝑝 = 𝑔 ∙  𝜏𝑝 may be considered as valid  [32] and a linear increase of gain with the applied bias 

is expected, maintaining anyway values around unity.  

On the other hand, a deviation from this linear behavior takes place when the spatial non-uniformity of the 

minority carrier density increases with electric field magnitude, as predicted by the continuity equation for 

minority carriers in stationary conditions, and it affects a wide region away from the contacts, extending deeply 

into the conductive channel (Fig. 3b). In fact, for electric fields lower than the critical value 𝐸𝑐 =

𝐾𝐵𝑇/𝑒𝐿𝐷𝑖𝑓𝑓,𝑝, where KB is the Boltzmann constant and 𝐿𝐷𝑖𝑓𝑓,𝑝 the minority-carrier diffusion length (in a n-

type semiconductor), the diffusive processes mainly dominate the minority carrier transport [33].  
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Fig. 3: Qualitative distribution of photo-generated holes Δ𝑝(𝑥) between ohmic contacts under uniform 

illumination with UV-C radiation: (a) no bias applied; (b) with bias applied. 

 

For electric fields significantly higher than 𝐸𝑐, the Δ𝑝(𝑥) profile is mainly controlled by the drift processes 

through the drift length 𝐿𝐷𝑟𝑖𝑓𝑡 =  𝜇𝑝𝜏𝑝𝐸. In this limit, the expression Δ𝑝 = 𝑔 ∙  𝜏𝑝 (or Δ𝑛 = 𝑔 ∙  𝜏𝑛) of 

spatially independent excess carriers, used to derive Eq. (7), is no longer valid and a saturation of gain is 

expected, but anyway with values around unity [32]. Therefore, Eq. (7) becomes inadequate to describe the 

photoconductivity at high electric fields, as well as the high values of gain experimentally observed. 

The physical nature of the gain (especially when G>>1) is still matter of debate: in Ref. [32] it was suggested 

that in a real semiconductor, when carrier trapping is not negligible, the assumption Δ𝑝 = Δ𝑛  is no longer 

valid, and the concentration of collected carriers in Eq. (6) differs from the initial concentration of photo-

generated carriers.  

Let us define more precisely the situation of our photodetectors: 

1) In presence of a high optical injection, each of the two carrier species exceeds its equilibrium concentration, 

a condition easily obtained in highly resistive materials such as nominally undoped Ga2O3. 

2) Photocarriers are always generated in pairs, but when trapping phenomena are present for one type of carrier, 

the two species can be collected at the electrodes with different rates, therefore, in these conditions Δn ≠ Δp. 

3) The known phenomenon of hole self-trapping [34] could indeed justify the hypothesis Δn > Δp; moreover, 

also hole trapping by deep levels might be effective, as demonstrated for the polymorph [35, 36] 

For these reasons, starting again from Eq. (5) and Eq. (6) an equation similar to Eq. (7) can be obtained by 

defining the ratio 𝛾 =  Δn/Δp between the different concentrations of the two species of photocarriers, with 

𝛾 greater than unit. 

In the limit of low electric field, Eq. (7) can be re-written as (see also Ref. [32])  

 

𝐺 =  
𝜏𝑝

𝜏𝑡
 (1 +  𝛾 ·  

𝜇𝑛

𝜇𝑝
)                                                            (8) 
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This new formula can justify the high experimental values of gain, because of 𝛾 > 1 and 𝜇n >> 𝜇p. Eq. (8) is 

valid if 𝛾 is constant and uniform across the detector, but such condition is probably not met because of 

electrodes. Furthermore, the system under constant illumination is stationary but strongly off-equilibrium.  

To take these considerations into account, average constant values can be introduced Δ𝑝(𝑥) = Δ𝑝𝑎𝑣𝑔 ≠  

Δ𝑛(𝑥) =  Δ𝑛𝑎𝑣𝑔 as long as the non-uniformity of the electric field is weak, together with an effective mean 

lifetime 𝜏𝑝,𝑒𝑓𝑓 for holes so that Δ𝑝𝑎𝑣𝑔 = 𝑔 ∙  𝜏𝑝,𝑒𝑓𝑓. Eq. (8) then becomes: 

𝐺 =  
𝜏𝑝,𝑒𝑓𝑓

𝜏𝑡
 (1 +  𝛾 ·  

𝜇𝑛

𝜇𝑝
)  (9) 

which substitutes Eq. (7) in low field limit (E < Ec), again consistent with a linear dependence of gain on 

applied voltage.  

A simple view of how traps can induce high gain is as follows: under stationary illumination, a constant density 

Nt of photogenerated holes is trapped (or self-trapped), an equal density of photogenerated free electrons must 

be maintained in the semiconductor to guarantee the local charge neutrality. Hole traps are likely filled during 

the transient at the beginning of the sample illumination, up to reaching a stationary state after which light will 

continue to generate equal amounts of free electrons and free holes, 𝑔𝜏𝑝,𝑒𝑓𝑓. The applied bias will drive the 

free carriers to the electrodes and allow for collecting on average Δ𝑝 = 𝑔𝜏𝑝,𝑒𝑓𝑓 free holes (not all the 

photogenerated holes are trapped) and Δ𝑛 =  𝑔𝜏𝑝,𝑒𝑓𝑓 + 𝑁𝑡 free electrons. Such mechanism explains the 

relation Δ𝑛 > Δ𝑝 and, consequently, the more significant the hole trapping the higher the   value.  

The experimental photo-gain at fixed light power shows three different trends as a function of applied voltage 

(Fig. 4): 

 

1) very low bias voltages: the system does not reach easily a stationary condition, as said before in the 

discussion about I-V curves, and G is lower than unit up to 2.5 V between the couple of contacts 1-2 (inset in 

Fig. 4a) and up to 10 V for contacts 3-4 (inset in Fig. 4b); 

2) intermediate bias voltages: G shows a linear behavior as predicted by Eq. (9), which suggests an almost 

uniform distribution of minority carrier excess Δ𝑝(𝑥) far from the contacts, thus only weakly influenced by 

the electric field. The depletion region close/under the contacts, where photocarrier concentration drops to 

zero, is narrow enough to allow the tunneling of photoelectrons without affecting the photocurrent signal. Hole 

self-trapping and hole trapping are anyway effective and responsible for the high values of gain. This bias 

extends up to about 150 V for the closest contacts and up to about 250 V for contacts 3 - 4. 

3) At even higher bias the off-equilibrium Δ𝑛(𝑥) and Δ𝑝(𝑥) are strongly space dependent. The carrier density 

profiles as well as their lifetimes differ considerably along the photoconductive channel between the electrodes, 

which leads to building an internal electric field. The photo-generated carriers feel an effective electric field 

arising from the overlap of the external bias and the built-in field. In this case, G tend to saturate and because 

of trapping, its value is much higher than unity [32].  

In Fig. 4b the three regions described above are still evident, but the saturation of the gain starts at higher bias, 

as expected since L3-4 = 4 L1-2. The maximum gain G obtained with the contact pair 3-4 is about four times less 

than that obtained with the pair 1-2; therefore, it scales with the distance between the couples of contacts and 

with the external bias.  
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Fig. 4: Photoelectric gain G as a function of voltage applied to 1-2 (a) and 3-4 (b) contact pairs for incident 

250 nm photons. Insets represent the gain behavior at very low voltage. 

 

The same linear dependence of the gain on the applied voltage shown by Fig. 4a was obtained by acquiring 

the spectral responsivity at different voltages, normalizing them to the ideal responsivity Rideal = 0,21 A/W and 

taking the value at the wavelength of 250 nm for each applied bias, as Fig. 5 shows. The responsivity 

measurements were carried out using the contact pair 3-4, at different bias under UV light in the wavelength 

range of (250÷300) nm (Fig. 5a). The photo-gain as a function of the bias applied to the same pair 3-4 is 

reported in Fig 5b. The voltage range corresponds to the linear behavior of the plot of Fig. 4b, with a maximum 

gain of about 50, lower than that revealed for the pair 1-2 (Fig. 4a). This is mainly due to the higher transit 

time, although a different voltage partition between conductive channel and contact regions in 1-2 pair with 

respect to 3-4 pair cannot be excluded. This comparison demonstrates that the timing in the acquisition of the 

spectral responsivity curves is slow enough to enable stationary conditions at any step of the measurement, 

and the same conclusion is true when the gain is measured by varying the applied voltage, i.e. the gain is 

independent of the acquisition method, which also guarantees a reproducible behavior of the contacts under 

polarization.  

The different slopes of the linear trends in Figs. 4 are justified by the different resistances of the two conductive 

channels by virtue of their different lengths. The contacts do not play a significant role except in the very low 

voltage regimes. Under this hypothesis, gain saturation can thus be interpreted as a consequence of the high 

field conditions i.e. E >> 𝐸𝑐.  In this frame, an estimate of hole diffusion length 𝐿𝐷,𝑝 and excess photo-carrier 

factor γ can be obtained.  
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Fig. 5: (a) Responsivity in the wavelength range (250÷300) nm; the increasing voltage was applied between 

contacts 3 and 4. (b) Photo-gain (G) and as a function of the applied voltage under radiation with 𝜆 = 250 nm. 

The dashed green line denotes the theoretical value of photo-gain G = 1 at 𝜆 = 250 nm (Rideal = 0.21 A/W). 

 

 

c. Diffusion length 

 

Let us consider the voltage at which the gain starts deviating from linearity: it is about 100 V in case of pair 1-

2 and about 300 V in case of pair 3-4, corresponding to an electric field 𝐸𝑡  of about 5 kV/cm and about 4 

kV/cm, respectively. To obtain a correspondence between such 𝐸𝑡 values and 𝐸𝑐, we compare these data with 

the results of the analysis proposed in [26], although that calculation was for p-type silicon and no trapping 

effects was considered. In that reference, the departure from the linear trend of the photocurrent occurred at 

about 𝐸𝑡 = 0,8 KV/cm.  

The minority carrier diffusion length can be evaluated from the relation LD,min = √ 𝜇𝑚𝑖𝑛𝜏𝑚𝑖𝑛 𝐾𝐵𝑇 𝑒⁄ , where 

the Einstein relation (𝐷𝑚𝑖𝑛 = 𝜇𝑚𝑖𝑛𝐾𝐵𝑇 𝑒⁄ ) between diffusion coefficient and mobility is applied, 𝜏𝑚𝑖𝑛 and 

𝜇𝑚𝑖𝑛 are respectively lifetime and mobility of the minority carriers (the holes p in our case). Data reported in 

[32] permit to observe that, at RT, 𝐸𝑐 was about 5 times lower than 𝐸𝑡. If this ratio is assumed equally valid 

for our samples, by neglecting non-uniformity of the electric field due to traps, a rough  value of 𝐸𝑐 can be 

estimated for our samples, which should be about 1 kV/cm, leading to a RT hole diffusion length of 𝐿𝐷,𝑝 =

 (2.5 ÷  3.5) × 10−5 cm. This range of values accounts well for both sets of data of Figs. 4. Although affected 

by uncertainty, this is the first estimate of diffusion length for the  phase and is remarkably consistent with 

values reported for the  phase [37]. 

Taking such diffusion length and the slope of photo-gain as a function of voltage (Figs. 4), one can evaluate 

the ratio γ, which provides an estimate of hole trapping/self-trapping magnitude. In the linear region, i.e. for E 

< Ec, the gain in Eq. (9) can be rewritten in terms of 𝐿𝐷,𝑝 by considering the relation 𝐿𝐷,𝑝 = √𝐷𝑝𝜏𝑝,𝑒𝑓𝑓, the 

Einstein relation 𝐷𝑝 = 𝜇𝑝𝐾𝑇 𝑒⁄  and the definition of transit time: 

 

𝐺 =
𝐿𝐷,𝑝

2

𝐿2

𝑒

𝐾𝐵𝑇
(1 +  𝛾 ·  

𝜇𝑛

𝜇𝑝
) 𝑉              (10) 

 

Considering that the slopes m of the linear parts of the plots in Fig 4a and 4b are about 3 V-1 and 0.25 V-1, 

respectively, and scale as L2, one finds that the product 𝑚𝐿2 assumes the same value for both plots. It is thus 

possible to write the following relation for any arbitrary slope m: 
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𝑚𝐿2 = 𝐿𝐷,𝑝
2 𝑒

𝐾𝑇
 (1 +  𝛾 ·  

𝜇𝑛

𝜇𝑝
)            (11) 

 

The experimental slopes and the evaluated LD,p at RT can be inserted in Eq. (11) to estimate the product 𝛾 ·

𝜇𝑛 𝜇𝑝⁄ .  

As no reliable data about hole trapping and/or self-trapping inGa2O3 is available, we shall consider two 

limit cases: (i) negligible self-trapping  and  (ii) total self-trapping of photo-excited holes. In case (i), a fraction 

of photoexcited holes must be trapped in deep levels, whereas the residual photoholes are assumed to be free 

(the collected 𝛥𝑝). In this case, the ratio of free carrier mobility 𝜇𝑛 𝜇𝑝⁄  can be estimated considering the carrier 

interaction with optical phonons as dominant scattering mechanism at RT, similarly to what observed for the 

beta phase  [38]. The mobility ratio can thus be obtained from the electron and hole effective masses 𝜇𝑛 𝜇𝑝⁄ =

(𝑚𝑝 𝑚𝑛⁄ )
1.5

~ 52.4, where 𝑚𝑝~ 4.2𝑚0  [39] and 𝑚𝑛~ 0.3𝑚0  [40] are the estimated hole and electron masses 

in -Ga2O3, with 𝑚0 the standard rest electron mass. Hence, the 𝛾 ratio would be about 103, which means that 

the density of collected photoelectrons per unit of time would be about 103 times bigger than that of collected 

photoholes.  

In case (ii), the total self-trapping would be responsible for the photo-gain in the resistive Ga2O3 detector. 

This means that the concentrations of the two photocarriers are equal, but the photogenerated holes are 

practically immobile. In the limit of 𝛾 = 1, Eq. (11) gives a mobility ratio 𝜇𝑛 𝜇𝑝⁄ ~1,2 × 106, which 

corresponds to a mobility of the self-trapped holes of about 1×10-6 cm2/Vs if an electron mobility of a few 

cm2/Vs is considered.  

In conclusion, the high photo-gain observed in our photo-resistor may be explained either by a low 

concentration of free photoholes with fairly good mobility (effective hole trapping by deep levels and 𝛾 >>1) 

or by a total hole self-trapping that kills their mobility (effective hole self-trapping and 𝛾~1).  

Intermediate/mixed cases are conceivable as well.  At the present stage of knowledge, we may not state which 

of the above situations better accounts for the measured photo-gain. Interestingly, there is still much 

uncertainty on the actual hole mobility in -Ga2O3: in a simulation work about Schottky PD, Akyol estimated 

a non-equilibrium hole mobility of about 20 cm2/Vs [41], while according to Varley et al. [42] the self-trapped 

hole mobility is seven orders of magnitude lower.    
 

d. Transient photoresponse 

 

To evaluate the stability and performance of the photodetector, the photoresponse was recorded during ON-

OFF photoexcitation cycles. Fig. 6 shows the photocurrent transient under UV-C radiation at λ = 250 nm and 

applied voltage of 200V. Both rise and the decay times of the photocurrent signal were analyzed by means of 

a bi-exponential analytical curve, taking two different time constants: 

𝐼(𝑡) ∝ 𝐼0 + 𝑒𝑥𝑝 (−
𝑡

 𝜏1
) + 𝑒𝑥𝑝 (−

𝑡

  𝜏2
) (12) 

 

where 𝐼0 is the dark current, 𝜏1 represents the fast time constant while 𝜏2 is the slow time constant. 
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Fig. 6: Time-dependent photoresponse: experimental curve (circles) and fitted curve (solid line) of the current 

rising and decay processes under 250 nm illumination (I = 16 W/cm2) for pair 3-4 at V = 200V. In the inset: 

repeated cycles on/off show that photodetector maintains stability.  

 

Table 1: Photocurrent rise and decay times refer to the 3 cycles on/off shown in the inset of the Fig.6. 

 

ON/OFF 
CYCLES 

τ 1on (s) τ 2on (s) τ 1off (s) τ 2off (s) 

I 0,65 2,59 0,16 1,21 

II 0,69 2,99 0,34 1,85 

III 0,68 3,03 0,29 1,57 

Average 0,67 2,87 0,26 1,55 
 

 

In our case, 𝜏1𝑜𝑛  and 𝜏1𝑜𝑓𝑓 were found to be around 0.7 s and 0.3 s, respectively, which are comparable to 

those previously reported for different types of photodetectors based on different phases of Ga2O3 (Table 2). 

We note that the performance of the ohmic MSM devices reported in Table 2 depends on the distance between 

electrodes, because the smaller the spacing the more efficient is the charge collection. Therefore, due to the 

different geometries of the devices listed in Table 2, a quantitative comparison is not possible. We must observe 

that the results of the present work refer to a device with contact distance of 800 μm while in other cases of 

Table 2 it is smaller. This is an important experimental detail to be considered when comparing the data of 

Table 2.  

Note that the photocurrent profile remained unchanged after several ON-OFF switching cycles (inset of Fig. 

6), which demonstrates good stability and reproducibility. 

To prove that Ga2O3 is suitable for use in daylight conditions, additional measurements with a solar 

simulator were carried out. The goal of this analysis was to prove the solar-blind character of the device, taking 

into account the radiation actually impinging on the detector.  

In the literature, the rejection ratio is often defined as  𝑅 =
𝑅𝑈𝑉𝐶

𝑅500
 , that is the responsivity ratio at just two 

reference wavelengths, namely 250 nm and 500 nm. However, since the device must be blind against the global 
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sunlight, it is more meaningful to take the photocurrent, and consequently the responsivity, of the entire visible 

spectrum.  

 

 

 

Fig. 7: Time-dependent photoresponse (Log scale) under two illumination conditions (λ = 250 nm and sunlight 

exposure). The rejection ratio RS greater than 104 confirms the excellent solar-blind features. 

 

 

In these tests, the power density of the solar simulator (I = 80 mW/cm2), was over three orders of magnitude 

higher than that of the UV-C radiation from the halogen lamp (I = 16µW/cm2). Nevertheless, as shown in Fig. 

7, the photoresponse from UV-C light at 250 nm is by far stronger than the one from background solar light.  

The contribution of solar radiation can be calculated as follows:   

 

𝑅𝑆𝑈𝑁 =
∫ 𝑓(𝜆)𝑅(𝜆)𝑑𝜆

700

400

 ∫ 𝑓(𝜆)𝑑𝜆
4000

280

     (13) 

 

where 𝑅(𝜆)  is the spectral responsivity of the photodetector, in [
𝐴

𝑊
], and 𝑓(𝜆) is the spectral irradiance of the 

solar simulator, in [
𝑊

𝑐𝑚2∙𝑛𝑚
]. 

Considering that 𝑅𝑈𝑉𝐶 = 3,5 [
𝐴

𝑊
] and  𝑅𝑆𝑈𝑁 = 0,7 × 10−4  [

𝐴

𝑊
], an UV/sunlight rejection ratio 𝑅𝑆 of  5 × 104 

can be derived, which confirms the excellent solar-blind performance of our photodetectors based on undoped 

Ga2O3. 
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Table 2: Comparison between basic parameters of representative Ga2O3 UV photodetectors based on a MSM 

device structure. 

Ga2O3 Structure 
Responsivity 

[A/W] 

Rejection 

Ratio 
τrise (s) τdecay (s) Reference 

 
Ohmic MSM 

(SnOx+ITO+Au) 

11 (at 200V; 

spacing 800 m) 
> 104 0.7 0.3 

This 

work 

β 
Ohmic MSM 

(Ti/Au) 

- 

(spacing 200 m) 
- 0.86 1.02 [27] 

β 
Ohmic MSM 

(Ti/Au) 

259 (at 20V; 

spacing 3 m) 
1 × 102 0.1 2.1  [45] 

β 
Ohmic MSM 

(Ti/Au) 

8.41 (at 10V; 

spacing 5 m) 
3.2 × 103 2.97 0.41  [46] 

β 
Ohmic MSM 

(Ti/Al) 

54.9 (at 20V; 

spacing 5 m) 
3.2 × 103 2 0.56  [47] 

amorphous 3D- MSM array 
8.9 (at 15V; 

spacing 10 m) 
103 1.5 × 10-5 3 × 10-4 [49] 

* Schottky MSM 230 (at 6V) 1.2 × 105 - 2.4 × 10-5 [43] 

* 
Schottky MSM 

(Au) 
0.52 (at 5V) 

1.82 ×

 104 
- 0.33  [44] 

β 
Schottky MSM 

(Ni/Au) 
0.9 (at 5V) 7.8 × 104 < 1 < 3  [48] 

β 
Schottky MSM 

(Au) 
96.13 (at 5V) >102 3.2 × 10-2 7.8 × 10-2 [30] 

* polymorph label cited in the reference (last column) 

 

Conclusions 

In summary, UV-C solar-blind photodetectors were fabricated from high-resistivity nominally-undoped n-type 

Ga2O3 epilayers, and their spectral responsivity, rejection ratio (RR) and ON-OFF inertia were extensively 

investigated. 

Very high photo-gain was observed, linearly dependent on the applied bias up to a certain critical bias value. 

Beyond this voltage, the gain behavior departed from linear and finally reached a saturation at even higher 

applied bias. The high gain is explained in terms of excess of collected majority carriers (electrons) per unit 

time, possibly resulting from hole trapping/self-trapping in the conductive channel. An estimate of the minority 

carrier diffusion length was presented, based on the voltage value at which the photo-gain saturation occurs. 

This is the first estimate of the hole diffusion length in Ga2O3.  

The detectors subjected to ON-OFF illumination cycles with light at λ = 250 nm demonstrated high 

reproducibility and stability over long time. Time constants for ON and OFF transients were found to be 

comparable with literature data for UV photodetectors made with other Ga2O3 polymorphs. Tests with a solar 

simulator showed that the photodetectors exhibited negligible photocurrent under strong sunlight illumination, 

so that even a very weak UV-C radiation could easily be detected under contemporary sunlight exposure. As 

a matter of fact, a rejection ratio RS > 104 and very high sensitivity make Ga2O3 a suitable material for solar-

blind UV-C photodetector. 
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