Efficient GaN photocathodes for low-level ultra-violet signal detection
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Abstract-We report here on the properties of GaN based photocathodes for low light ultra-violet (UV) signal detection.  Cesiated Mg doped p-type GaN layers with 1 (m thickness were used as photocathode materials.  Quantum efficiency (QE) as measured on a completed device showed values as high as 30% at 200 nm.  A UV/visible rejection ratio of three orders of magnitude at 500nm was observed.  A net increase in the QE was also observed with increasing conductivity of the material.  

I. INTRODUCTION


Numerous civilian and military applications have fueled the development of solar blind UV detectors [
] [
].  Some applications are engine/flame monitoring and detection, plant/vegetation growth monitoring and UV astronomy.  Solar blindness is a necessity in UV astronomy where objects studied are usually 4 to 8 orders of magnitude brighter in the visible than in the UV [
].  III-nitride ternary and quaternary compound materials are the most suitable candidates for UV detectors that require a broad dynamic range, low noise, and high quantum efficiency.  They are robust and chemically inert which make them suitable for applications in harsh environments.  GaN-based solid-state detectors with responsivities as high as 0.2 A/W at 365 nm and 0.111 A/W at 278 nm have been reported [1], [2] and [
].

Due to its potential for low dark currents and built-in voltage, the p-i-n structure is most commonly studied for high performance detectors [4].  However, many obstacles are still to be overcome for the appropriate growth and fabrication of this and similar structures. Major requirements for low level light detection are achieving low level of dark current and large size of the detection surface.  Neither of these properties can be achieved yet with solid state devices.

An alternative approach to making photodetectors based on III-nitride materials is to take advantage of their negative electron affinity (NEA) [
] [
] and incorporating them into photocathodes. Photocathode based detectors benefit from low dark currents and high sensitivity.  

To attain NEA the surface of the semiconductor must be suitably treated.  NEA [
] [
] is obtained when the minimum of the semiconductor conduction band (Ec) is above the vacuum level (Evac).  In that case, thermalized electrons can escape the surface of the bulk material.  Effective NEA is obtained when the vacuum level at the surface is below the conduction band minimum in the bulk of the material whereas in the true NEA the vacuum level at the surface is below the conduction band minimum at the surface. Adsorption of adatoms onto the surfaces causing polarized surface bonds, e.g. hydrogen on diamond and also cesium treated AlN(Cs)/AlN (0001) [
] [
] are examples of true NEA. NEA in the later case is achieved by a strong dipole layer formed between Cs atoms and the semiconductor layer.  In the case of GaN, on the other hand, a downward band bending seems to be necessary in addition to the existing dipole layer to cause an effective NEA at the surface of the semiconductor [5] [
].  A schematic energy diagram of the p-GaN surface before and after Cs treatment is shown in Fig. 1.  The electronic structure of the p-GaN(0001) surface was studied before and after Cs exposure and resulted in a NEA of about 0.3 eV [5].  

Attainment of the NEA in III-nitrides will thus enable the realization of high efficiency solar-blind detectors by the implementation of photocathodes.  For imaging devices the photocathodes can either be used in electron bombardment charge coupled devices (EBCCDs), phototubes (PTs) or with microchannel plates [7][8][
].  In this paper we report on the successful growth and fabrication of photocathode devices based on p-type GaN with relatively high QE for light detection in the deep UV ((=200nm). The quantum efficiency and the UV/visible rejection ratio were evaluated.

GaN layers were grown on c-plane sapphire substrates by atmospheric-pressure metalorganic chemical vapor deposition (MOCVD).  Trimethylgallium (TMGa) and ammonia (NH3) were used as precursors and cyclopentadinyl magnesium (Cp2Mg) was used as p-type dopant source.  Details of the GaN growth have been given elsewhere [
].  Electrical properties of the materials were evaluated by Hall effect measurement using the Van der Pauw technique. Properties were measured prior to cesiation. Carrier concentrations in the range of 5x1016-1x1017 cm-3 and mobilities in the range of 3 to 11.5 cm2/Vsec were obtained after the samples were post-growth annealed at 700oC for 30 minutes in a nitrogen ambient.  These values are comparable to those reported in literature for Mg doped p-GaN [
] [
 ].  After growth and assessment of the electrical and optical properties of the p-GaN:Mg layers, they were subsequently processed by Hamamatsu Inc. [
] into photocathodes.  Five phototubes were made and studied. 

The in-air test setup included a 75 Watt Xe lamp in an Oriel lamp housing which is matched to a 1/8 m Oriel 77250 monochromator.  The dispersion is provided by a 1200 l/mm ruled grating.  The entrance and exit slits widths were 0.4 mm providing a spectral resolution of 2.6 nm.  The comparison Si photodiode is from UDT Sensors Inc. and has been calibrated against two NIST secondary standards.  For vacuum wavelengths (below 200nm), a ¼” diameter deuterium lamp attached to an Acton 502 monochromator was used.  The comparison sensor in this test was a sealed-tube with a semitransparent Cs2Te photocathode on the inside of a MgF2 window.  The device has been calibrated by NIST for wavelengths down to 120 nm.  The device was biased by 125 volts DC and an anode grid at 0 V collected the photo-current.  Typical QEs for The comparison sensor are 9-10%. A Keithley 621 electrometer with a 2 foot triaxial cable was used to measure the currents.  The electrometer was periodically “zero tested” and checked against two other electrometer as well as a keithley 261 picoamp source to check for current drift.  Power to the electrometer, picoamp source, and lamp power supply were given a minimum of 15 minutes of settle time after initial turn on, and the lamp bulb was given a minimum of 10 minutes of extra equilibrating time before making measurements. To prevent unwanted wavelengths (second order spectra), a Pyrex blocking filter was used for wavelengths above 330 nm. Quantum efficiencies (QE) are derived by converting the flux rates into photon rates and converting currents into electron rates.  Then the QE is the electron rate divided by the photon rate.  Thus, these QE measurements assume a gain of 1.

The QE spectra of two of the five phototubes are shown in Fig. 2.  As seen, quantum efficiency as high as 30% at 200 nm with about 4 orders of magnitude rejection ratio between UV (200 nm) and visible (500 nm) is obtained.  This phototube (Sh94) was fabricated from the highest quality material amongst the five photocathodes provided to the manufacturer.  Another phototube with a lower QE and lower rejection ratio is also shown (Sh95) in the same graph (Fig. 2) for comparison.  In order to better understand the dependence of the performance of the phototubes on the electrical properties of the GaN layers we have plotted QE as a function of hole concentration (Fig. 3a) and conductivity ( (Fig. 3b).  The conductivity (() is defined as (carrier concentration, p) x (electron charge, q) x (mobility, ().  As seen, the QE scales with conductivity of the layers while it does not with the carrier concentration alone. Thus carrier mobility is important. It should be noted that carrier excited just over the bandgap in the space charge region below the surface can leave the surface without further excitation due the effective NEA.  In this region, due to the downward band bending the vacuum level is below the conduction band minimum.  Carriers generated in the bulk by absorption of incident photon energy above the bandgap need to be highly mobile to be transferred to the surface to be detected.  Therefore, it is clear that higher mobility would lead to higher QE.   A low mobility would result, in part, from high density of scattering centers in the material and as a result, a shorter life time of photo-generated carriers. It is therefore reasonable that the QE increases with an increase in the two parameters, namely, carrier concentration and mobility.  A dramatic increase in the QE at a break point of 0.13 ((-cm)-1 can be seen in Fig. 3b.  Based on this increase we anticipate that further improvement in photo-cathode quantum efficiencies can be achieved with higher conductivity.  We have recently achieved higher p-type conductivity [
], and look forward to testing photocathodes made from these higher quality materials. Although 30% QE is still lower than those reported in the literature for deep UV, (near 280 nm and below) [1] [2] the promise of achieving higher responsivity in photocathode type detectors exists over their p-n and p-i-n counterparts.  In order to fabricate p-n and p-i-n photodetectors with high spectral responsivity in the deep UV, high Al concentrations need to be incorporated in the epitaxial layers. At such high Al concentrations, ((40%)  the activation energy for holes in p-layers increase dramatically, thereby severely limiting conductivity, and thus the responsivity for those types of devices.  High dark currents also result in p-n and p-i-n type devices due to a higher degree of strain often encountered in those types of structures, also reducing detectivity.  Detectivity is one of the very important figure of merits in detectors.  Although high QEs are reported, the detectivity is still lower than what is needed for many applications.  [1]

The stability of the phototubes was also measured to determine their performance. The phototubes as measured by the manufacturer showed high stability as a function of time.  The QEs measured after 1-2 months period showed less than 1% change in measured QEs. 

In summary, we report on the fabrication and measurement of the first solar-blind detector (phototube) based on Cs/p-GaN photocathode. Detectors with a QE of 30% and a rejection ratio of about four orders of magnitude by 500nm have been measured.  It was also shown that the QE is a function of the p-type conductivity of the material.

ACKNOWLEDGEMENT

This work was supported in part by NSF under Grant No. DMR-9705134 and NASA under Grant No. NAG5-6730.

Figure Captions

Fig. 1.  Schematic of the energy diagram of a p-GaN layer before and after exposure to Cs is shown.  Fermi level energy (EF), conduction  and valence bands (Ec and EV) are shown along with vacuum level (Evac) before and after surface cesiation. (eff is the effective electron affinity after cesiation.

Fig. 2.  Percent quantum efficiency spectral response of phototubes based on p-type GaN photocathodes.

Fig. 3.  A comparison of the photo-cathode performance (%QE) (a) with carrier concentration (p) and (b) with conductivity.  The dashed line is only a guide to the eye.
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