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Abstract

Metal–semiconductor–metal (MSM) configuration UV photodiodes (PD’s) were designed and fabricated on an AlGaN/GaN–

based substrate for efficient and ultrafast UV detection. The purpose was to investigate the feasibility of obtaining efficient

and ultrafast temporal response from these devices in the UV given the challenges associated with the formation of Schottky

contacts on laterally oriented AlGaN/GaN thin films. Two sets of devices were implemented using Pt and Au as metal contacts

with 5-mm finger width, 5-mm finger spacing, and a 50-mm ´ 50-mm active area. Spectral and voltage bias studies were done

to establish the spectral profile and the effect of bias voltage on the responsivity of the detectors at 265 nm. The best vertical

MSM PD’s produced 0.6-A/W responsivity under 10-V bias voltage at 265 nm. Peak spectral responsivities were recorded as

1.35 A/W and 1.25 A/W at 240 nm for Pt and Au PD’s respectively.
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Solumtochukwu F. Nwabunwanne, Bryan Melanson, Jing Zhang, and William R. Donaldson 

Abstract− Metal–semiconductor–metal (MSM) configuration 

UV photodiodes (PD’s) were designed and fabricated on an 

AlGaN/GaN–based substrate for efficient and ultrafast UV 

detection. The purpose was to investigate the feasibility of 

obtaining efficient and ultrafast temporal response from these 

devices in the UV given the challenges associated with the 

formation of Schottky contacts on laterally oriented AlGaN/GaN 

thin films. Two sets of devices were implemented using Pt and Au 

as metal contacts with 5-m finger width, 5-m finger spacing, and 

a 50-m  50-m active area. Spectral and voltage bias studies 

were done to establish the spectral profile and the effect of bias 

voltage on the responsivity of the detectors at 265 nm. The best 

vertical MSM PD’s produced 0.6-A/W responsivity under 10-V 

bias voltage at 265 nm. Peak spectral responsivities were recorded 

as 1.35 A/W and 1.25 A/W at 240 nm for Pt and 

Au PD’s respectively. 

 
Index Terms—AlGaN, GaN, efficient, spectral responsivity, 

PIN, MSM, UV, photodetector, vertically oriented, PD, Pt, Au. 

 

I. Introduction 

ertical epitaxial structures of aluminum-gallium-

nitride (AlGaN) and gallium nitride (GaN) 

heterostructures, facilitate fast and efficient sensing of 

UV light in p-type–intrinsic–n-type (PIN) and avalanche 

configurations. Photodiodes (PD’s) manufactured on AlGaN 

templates possess sharp cutoff edges, making them appropriate 

in setups that need multiple light sources in close proximity like 

in space exploration vehicles, plasma diagnostics, and target 

chambers for fusion experiments [1–4]. AlGaN 

heterostructures are attractive for UV sensing because they 

have tunable wide and direct-energy band gaps. GaN alloys can 

sense optical radiation spanning the entire UV spectrum. 

Spectral window selectivity is supported by simply changing 

the percentage of Al in the AlxGa1–xN (x: 0 to 1) alloy [5–8]. 

Our group and others have reported that the metal–

semiconductor–metal MSM configuration gives the fastest 

possible response for GaN/AlGaN-based PD’s since, in this 

mode, the response time of the detector is carrier transit time 

limited. The small capacitance due to the narrow interdigitated 

fingers translates to ~1-ps resistor-capacitor (RC) time constant 
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when terminated by a 50-Ω electrical load [9]. The ~1-ps time 

constant is usually ignored given that the carrier transit time is 

significantly greater than 1 ps in practice. 

In this article, we report the successful design, 

implementation, and characterization of a novel class of 

AlGaN/GaN-based UV detectors. These new PD’s harness the 

ultrafast capabilities of the MSM configuration and the robust 

quantum efficiency of p-i-n quantum wells (QW’s). To the best 

of the authors’ knowledge, MSM configured vertical epistacked 

GaN/AlGaN-based UV photodetectors have not been reported 

previously in literature. The objective of this research was to 

experimentally demonstrate the feasibility of obtaining ultrafast 

and efficient response from MSM PD’s fabricated on p-i-n 

structured GaN/AlGaN templates under UV radiation. For this 

study, we employed the delta-GaN QW deep UV wafer 

configuration [10] shown in Fig. 1. Devices with different metal 

contacts yielded distinct temporal response parameters. An Au 

device produced a temporal response of 25.4-ps rise time with 

415.8-ps pulse duration, while a Pt device recorded 16.6-ps rise 

time and 253.8-ps pulse width. Also, the responsivities of both 

Au and Pt devices had different peaks; Au PD peaked at 1.25 

A/W [external quantum efficiency (EQE) = 646%] under 

240-nm radiation while Pt PD had a maximum of 1.35 A/W 

(EQE = 684%) responsivity under 240 nm at 10-V bias. These 

>1 A/W responsivities indicate that the detectors were in 

photoconductive mode as a result of the multiplication of 

charge carriers within the QW, which degraded the response 

speed of the detectors. 

V 
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Fig. 1.(a) Epitaxial structure of p-i-n AlGaN/GaN thin films used to fabricate 
the vertical MSM UV PD’s. (b) As-fabricated device showing the 

50 µm  50-µm active area, interdigitated contacts, and compensation pad. 

II. Design and Manufacture of the Device 

Given the challenges of formation of Schottky contacts and 

photoconductivity that are associated with laterally oriented 

AlGaN thin film MSM PD’s, it was considered worthwhile to 

study the feasibility of using a vertically structured p-i-n 

AlGaN/GaN heterostructure on sapphire to obtain efficient and 

ultrafast UV photodetection. The customized AlGaN-delta-

GaN QW wafer shown in Fig.1(a) was grown by metal organic 

chemical vapor deposition (MOCVD) [11]. The vertical 

epitaxial structure of these devices consists of a 2.2-µm AlN 

nucleation layer grown on a 50.8-mm-diam, 425-µm-thick 

sapphire wafer, followed by 600 nm of Al0.8Ga0.2N, 1 µm 

n-Al0.7Ga0.3N, and four QW pairs consisting of a 2.5-nm AlN 

barrier layer, a 1.5-nm Al0.75Ga0.25N bottom sub-QW layer, a 

0.50-nm GaN delta-layer, and a 1.5-nm Al0.75Ga0.25N top 

sub-QW. The quantum wells are capped by a 100-nm-thick 

p-Al0.7Ga0.3N layer and a 20-nm-thick p+-GaN contact layer. 

This particular configuration was  optimized for a light-emitting 

diode application to enable us to share a foundry fabrication run 

with another project. Figure 2 shows the simulated photo-

luminescence of this customized wafer with peak at 259 nm. 

 

 

Fig. 2 Simulated photoluminescence of the epitaxial structure of the p-i-n 

AlGaN/GaN thin films (peaked at 259 nm with 10-nm FWHM ) used to 

fabricate the vertical MSM UV PD’s. 

Fabrication of these PD’s involved standard 

photolithography, physical vapor deposition, and plasma 

etching. Two categories of devices were designed, fabricated, 

and tested; one set of devices had Pt contacts and the other 

category had Au contacts. 

The MSM structured devices on vertical oriented 

AlGaN/GaN heterostructure were fabricated at the Integrated 

Nanosystems Center (URnano) at the University of Rochester 

and Semiconductor & Microsystems Fabrication Laboratory of 

the Rochester Institute of Technology. Design files were 

created using the Clewin5 [12] application and then converted 

into laser draw files for execution by the laser writer. Positive 

KL6003 photoresist was employed for photolithography. Pt and  

Au were chosen as metal contacts to facilitate comparison with 

the previous MSM lateral detectors we reported previously 

[8,13]. Both metal contact types had 20 nm Ti as an adhesion 

layer with either 120 nm Pt or 120 nm Au as contact metals. Pt 

was evaporated via e-beam technology while Au was deposited 

using thermal evaporation. For n contact metallization, 300 nm 

was etched into the thin film to expose the n-AlGaN layer using 

32 standard cubic centimeter per minute (SCCM) of Cl2, 

8 SCCM of BCl3, and 5 SCCM of Ar at 75-W RF power and 

ran for 60 s. Figure 1(b) shows a top view of the device design 

that was fabricated, having a 50-µm  50-µm active area, a total 

of five interdigitated electrodes of 5-µm finger width, and 5-µm 

finger spacing. 

Prior to fabrication, x-ray diffraction measurements were 

conducted to ascertain the dislocation density of defects within 

the thin films since these material defects are linked with 

elevated dark currents and poor device performance. Five 

points were chosen at random within the 2-in wafer for the 

rocking curve investigation. The outcomes of the x-ray rocking 

curve measurements are depicted in Fig. 3. The dislocation 

density was recorded as 3.7119  107 cm–2, which indicates that 

while the material is of good quality with respect to reported 

GaN/AlGaN material properties [14–16], there are significant 

numbers of defect sites within the thin films. It is estimated that 

the number of defects within each detector is approximately 925 

given that the detector’s active area is 50 m  50 m. 
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Fig. 3. p-i-n AlGaN/GaN thin film x-ray rocking curves along 002 direction at 

five different points on the thin film. 

The current-voltage (IV) characteristics of one of the 

MSM-configured p-i-n AlGaN/GaN-based UV detectors under 

dark condition is illustrated in Fig. 4. It is evident that the 

quantum barrier is overcome at a bias voltage of 7 V, at which 

point the diodes begins to conduct. Peak current in forward bias 

mode is 8.2 µA at 20 V and 9.88 µA in reverse bias mode 

at -20 V. Also shown on Fig. 4 is the difference between the 

forward and reverse bias current with respect to the bias 

voltage. It is apparent that the asymmetry begins when the 

detector switched on.  

 

Fig. 4. IV curve of Pt RA MSM configured p-i-n AlGaN/GaN UV PD under 

dark condition, the asymmetry in the IV is shown by the black curve. 

This ~17 % difference between forward and reverse bias 

current of the device suggests that Schottky contact may not be 

the reason for the diode behavior of the device, but the quantum 

well is. This is because current is confined within the quantum 

wells, such that Schottky contacts only serve to provide 

electrical connection with the external circuitry for biasing the 

device and signal transmission. Also, Schottky didoes require 

that two metal/semiconductor junctions be arranged back to 

back, so that the depletion regions overlap, to provide expected 

diode rectification, in these devices, however, there is a vertical 

separation between the contacts because they were grown on 

distinct semiconductor layers (n and p regions). This implies 

that the contacts, via the interdigitated fingers, function to 

regulate the carrier transit time by creating the shortest, 

practically possible electrical path to the external measurement 

system. Furthermore, MSM PD’s with Schottky contacts 

exhibit symmetry in their IV curves [8] while some 

discrepancies may exist in p-i-n diodes due to the complex 

carrier dynamics with respect to the electric field within the 

quantum well [17,18]. The variation in the amplitude of the 

dark current with respect to the bias voltage is attributable to 

the asymmetric gain in the quantum well multiplication of 

carriers driven by the polarity of the electric field. Electrons and 

holes possess different mobilities; therefore, they travel at 

different speeds as a function of the electric field. At elevated 

electric fields (as is within these detectors), carrier collisions 

create additional charge carriers via impact ionization which is 

the physics behind the gain. The multiplication factor (M) in a 

two carrier system is given by Eq. (1) [19]: 

 

 
( )a a we h

e h

e h

a a
M

a e a
− − 

−
=

 −
 (1) 

 

where w is width of the intrinsic region, and ae and ah are the 

electron and hole ionization coefficients, respectively. On the 

other hand, if the multiplication is only due to the electron, then 

ionization ratio (k) specifies the achieved gain and 

( ) ( )e hk =    [19]. 

III. Investigations 

The same external broadband coupling circuit and 

experimental setup used to characterize the ultrafast temporal 

response and external quantum efficiency profiles of the 

laterally oriented MSM AlGaN PD’s given in [13] was 

employed to test the vertically oriented MSM AlGaN/GaN 

PD’s for ultrafast UV photosensing. Figure 5 shows the impulse 

response functions of Au and Pt MSM configured p-i-n 

AlGaN-Delta-GaN devices under 20-V bias. 

 
Fig. 5. Au and Pt devices with 25.4-ps, 16.6-ps rise time and 415.8-ps, 253.8-ps 

pulse width, respectively. 

The two devices under test were excited by 265-nm, 30-fs 

short UV pulses and yielded 25.4-ps, 16.6-ps rise time and 

415.8-ps, 253.8-ps full width half maximum (FWHM), 

respectively. For the Au device there is a considerable tail that 

extends beyond 2 ns after excitation. 
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There is a second peak in both response functions of the Au 

and Pt MSM-configured p-i-n AlGaN-Delta-GaN devices that 

occur ~200 ps after the primary photoexcitation peak. The 

presence of these peaks broadened the effective pulse width 

(FWHM) of the device even though the individual temporal 

features remained narrow. These secondary peaks in the 

response functions are likely due to the presence of the 0.5-nm 

delta GaN layers within the quantum well. Being that this 

vertical epi structure was primarily set up for light emitting 

diodes (LED’s) [10], the GaN layer was introduced to enhance 

the electron-hole wave-function overlap in the quantum well. In 

the absence of the GaN layer, electron hole wave functions will 

drift to opposite sides of the AlGaN QW because of the 

material’s internal polarization fields. This will drastically 

reduce the radiative recombination rate of any LED grown on 

this epitaxial structure, consequently reducing its efficiency. 

Therefore, adding the GaN layers will increase the 

recombination of electron-hole pairs in the AlGaN QW’s. 

Additional carriers can be generated by deep UV excitons [20], 

produced in the AlGaN sub-QW layers, which recombine and 

emit photons before being removed from the QW. The longer-

wavelength photons are then reabsorbed by the 2-nm GaN 

layer. These generated carriers are later removed, leading to the 

secondary peak in the response function. These reabsorbed 

carriers take approximately 200 ps to acquire sufficient energy 

from the present high electric field to be re-emitted from the 

quantum well [21,22]. Hence, eliminating the very thin GaN 

layer may remove the secondary peak at the cost of reducing 

the internal quantum efficiency of the detector. 

IV. Spectral Voltage Studies Outcomes and Discussions 

To determine the effect of bias voltage on the temporal 

response profile of the MSM p-i-n PD’s, rise time and pulse 

duration were studied as functions of bias voltage from 0 to 20 

V under 262-nm illumination. The outcome of this investigation 

is shown in Fig. 6(a). We see that from 0 to ~2.5 V, there were 

no significant data since the QW barrier had yet to be overcome. 

This implies that the carriers’ transit time from in the QW at 

this range is greater than the recombination time of the carriers 

in the QW. Then between 3 V to 20 V, both rise time and pulse 

duration appeared to have a constant behavior with mean values 

of 34 ps and 300 ps, respectively. Figure 6(b) displays the rise 

time and pulse duration as functions of the incident light’s 

wavelength. 

While the rise time appeared to be unaffected by 

wavelength changes, the pulse duration showed significant 

variations. This further supports the hypothesis that the 

secondary peak in the response is because of the 2-nm GaN 

layer in the intrinsic sub-QW as the pulse duration of the 

response profile varied with wavelength in Fig. 6(b). 

A Lambda 950 photo spectrometer was employed to 

measure the transmission profile of the p-i-n AlGaN/GaN thin 

film used to fabricate the devices under review. The data from 

this measurement listed in Fig. 7 show that cutoff edge of the 

device is 268 nm (4.64 eV). The additional 20% transmission 

loss at 300 nm is attributable to variations in the refractive index 

[n()] of AlGaN/GaN with respect to input light’s wavelength 

as described by Engelbrecht [23]. 

 

 

Fig. 6. Typical MSM configured p-i-n AlGaN/GaN PD rise time and pulse 
duration as functions of (a) bias voltage bias under 262-nm illumination. (b) 

Optical excitation wavelength under 10-V bias. 

 
Fig. 7. Transmission profile of p-i-n AlGaN/GaN thin film with 10 nm FWHM 

from PL data highlighted by the blue arrow. 

The responsivity versus wavelength measurements of Au 

and Pt devices shown in Fig. 8(b) suggest that there are likely 

two devices within each PD. This is due to the dual materials 

used in the absorption layer of the QW. The ~12-nm-thick 

AlGaN layers in the QW with ~75 % Al are responsible for the 

first cutoff edge seen at 268 nm, while the ~2-nm-thick GaN
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Fig. 8. Responsivity as a function of (a) bias voltage at 262-nm illumination 
and (b) wavelength under 10 V for Au and Pt devices. The blue arrow indicates 

the 10 nm FWHM. 

layers account for the responsivities from 310 nm to 380 nm in 

Fig. 8(b). The variations in the responsivities of both Au and Pt 

devices are likely a result of nonuniformity of material 

properties within the semiconductor thin films. The differences 

may also be attributed to the higher work function of Pt that 

modified the device functional condition at the heterojunction 

of the metal and semiconductor. This implies that Eg > h > 

qϕmetal and V < VB and internal photoemission is operational at 

different levels within both Au and Pt devices [8,24]. 

 

 
phI

R
P

=  (2) 

 

where Iph (photocurrent) = illumination current (dark current in 

amperes) and P is the incident optical power on the detector 

in watts. 

Equation (2) was used to calculate the responsivity of Au 

and Pt MSM configured p-i-n AlGaN/GaN detectors versus 

bias voltage and wavelength, with the outcomes plotted in Fig. 

8(a) and (b), respectively. From Fig. 8(a), both devices 

exhibited their peak responsivities at 19.5 V with Pt PD having 

0.2 A/W and Au PD showing 1.2 A/W at 8.19-µA dark current. 

The linear relation between responsivity and bias suggest that 

the device has yet to attain saturation. The spectral responsivity 

profiles of both devices are shown in Fig. 8(b) indicating the 

10-nm cutoff edge shown in Figs. 2 and 7. Here the Pt device 

exhibited a maximum responsivity of 1.35 A/W at 240 nm with 

a sharp cutoff at 260 nm. The Au device on the other hand 

peaked with 1.25 A/W at 240 nm with a cutoff at 265 nm. This 

5-nm difference in the cutoff edges of both devices maybe 

attributable to the ~0.46-eV difference in Pt and Au Schottky 

barrier heights. 

The data in Fig. 9 is from the Au p-i-n AlGaN/GaN device 

at 351-nm UV illumination under 20-V bias and a conventional 

MSM AlGaN PD, which was illuminated by a 262-nm UV light 

yielding 32-ps rise time and 62 ps FWHM. At 351 nm, the 

AlGaN layers of the QW in the Au p-i-n AlGaN/GaN device 

should be transparent and non-absorbing; the absorption will 

occur only in the GaN layers. The carrier recycling mechanism 

discussed above can still operate. These data suggest that it 

possible to obtain ultrafast response using MSM configuration 

on a p-i-n AlGaN/GaN structure, but it will require optimization 

of the QW design to yield a single peak. This will be the subject 

of a future publication. Hence, obtaining a single peak from the 

next-generation p-i-n AlGaN/GaN devices should yield a 

response time that is approximately equal to the pulse duration 

as the first peak of Au p-i-n AlGaN/GaN device in Fig. 9, which 

is 75 ps. For comparison the conventional MSM PD’s response 

time is 62 ps. Therefore, the p-i-n structure appears to have only 

slightly degraded the pulse width, but it should remain viable 

for many of the target applications. 

 
Fig. 9. Temporal response of Au p-i-n AlGaN/GaN device at 351-nm UV 

excitation under 20-V bias with 39.2-ps rise time, 121.7-ps pulse duration, and 
a conventional lateral MSM PD under 262-nm illumination and 20-V bias, with 

32-ps rise time, 62-ps pulse duration. 

V. Conclusion 

In summary, we have successfully demonstrated the 

feasibility of obtaining efficient and ultrafast UV 

photodetection with MSM configured vertically oriented 

AlGaN/GaN-based UV PD’s. Voltage studies showed that the 

devices had a linear responsivity profile with bias voltage from 

3.5 V to 15.5 V for an Au device, while the Pt device showed 

linearity from 3.5 V to 19.5 V. This implies that saturation was 

imminent in the Au device from 15.5 V. The spectral 

responsivity of Pt and Au devices are comparable at 1.35 A/W 

at 240 nm with a sharp cutoff at 260 nm and 1.25 A/W at 240 
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nm with a cutoff at 265 nm, respectively. Finally, the temporal 

response of both devices showed that Pt devices had better 

temporal characteristics with 16.6-ps rise time and 253.8-ps 

pulse duration, while Au devices had a 25.4-ps rise time and 

415.8-ps pulse width due to its long decay tail. These interesting 

outcomes will provide an alternative path to Schottky contact 

formation challenges in achieving efficient and ultrafast 

photosensing in the UV region. It is intended that these novel 

devices will forge a paradigm shift in the way 

AlGaN/GaN-based MSM PD’s are designed for the 

high-energy-density physics and the plasma 

diagnostics community. 
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