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A visible-blind UV camera based on a 32 x 32 array of backside-illuminated GaN/AIGaN p-i-n
photodiodes has been successfully demonstrated. Each of the 1024 photodiodes in the array consists
of a base n-type layer of AlGaN (~20%) onto which an undoped GaN layer followed by a p-type

GaN layer is deposited by metallorganic vapor phase epitaxy. Double-side polished sapphire wafers
are used as transparent substrates. Standard photolithographic, etching, and metallization
procedures were employed to obtain fully-processed devices. The photodiode array was hybridized
to a silicon readout integrated circuit using In bump bonds. Output from the UV camera was
recorded at room temperature at a frame rate of 30 Hz. This new type of visible-blind digital camera

is sensitive to radiation from 320 nm to 365 nm in the UV spectral region.

1 Introduction 2 Properties of Semiconductor Photodiodes

The rapid development of device quality GaN, InGaNL6t Us consider a p-n junction or p-i-n junction photo-
iode operating in the photovoltaic mode at zero bias

and AlGaN over the past five years has lead to the con?ji4 The d vity R defined
mercialization of blue and green light emitting diodes, ] e detector current responsivity elinéd as

along with demonstrations of violet laser diodes and &he output currengiproduced by the detector divided by
variety of electronic devices [1] [2] [3] [4] [5] [6] [7] the diode illumination power,Pat a given wavelength
[8] [9] [10]. In addition, a number of photodetectors A. That is,

based on photoconductive and junction devices have

also recently been reported [11][12] [13]. Ry =ip/Py=an/hv (A/W) ()

This paper reports the first successful demonstration
of an ultraviolet (UV) digital camera based on an array Where g is the electronic chargg,is the quantum
of GaN/AlGaN heterostructure p-i-n photodiodes. Thisefficiency, h is Planck's constant ands the radiation
visible-blind (32 x 32 pixel) digital imager is designed frequency.  Note that the responsivity, Raries
to sense radiation only in the 320 - 365 nm wavelengtinversely with the optical frequency. As a conse-
band in the UV spectral region. In this paper, a generajuence, maximum responsivities & 1) in the UV are
discussion of photodiode properties is followed by asmall — ranging from R= 0.294 A/W at 365 nm to,R
description of the experimental procedures employed te 0.161 A/W at 200 nm.
synthesize, process and study discrete photodiodes and An important figure of merit for a diode detector is
photodiode arrays. This is followed by a discussion othe R)A product, where Ris the dynamic resistance of
the experimental results obtained. the diode at zero bias and A is the detector area. A large
When fully developed, this new type of UV digital RoA product is a necessary requirement for the detector
camera may be expected to be used in many wide-rantp have a large detectivity D*, that is, to be able to detect
ing applications including welding imagery, flame sens-~ery low light levels. Figure 1 shows the spectral detec-
ing, biological agent detection, missile and shellfiretivity D* for a number of different commercially-avail-
detection, and in studies of astronomical objects. able detectors [15] that operate at wavelengths ranging
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from 0.2um (UV) to 12um (IR). It is seen from the In this case, the detectivity D* is BLIP-limited and may
figure that IR detectors have D* values of 100 (cm  be expressed as

Hzl’ZW'l) depending on the type of detector, its operat-
ing temperature, and the wavelength region for which it D*pLip = (an/hv) [26°n®p] Y2 = (17 hv) (/20 )2 (cm HZY2WL).  (4)
is designed. Detectors operating at shorter wavelengths
generally have larger D* values ranging up to D* = 4 x  The detectivity D* may also be expressed in terms of
1014 (cm HZUZ\N'l) for a photomultiplier tube (PMT) the detector noise equivalent power NEP such that [14]
operating at about 300 nm.

Figure 1 also shows the curve for an ideal photovol- D* = (AMHZNEP  (cm HZ2W), ®)
taic detector limited by thermal background radiation
from a 293K radiation source (the earth!!). A detector where A is the detector area afflis the detector
displaying D* values that lie along this line is said to bebandwidth. The noise equivalent power NEP is the
background limited. A Background Limited Photode-power that corresponds to the incident rms optical
tector is often referred to as being a BLIP-limited detecpower required such that the detector signal-to-noise
tor, or as being BLIP-limited [14]. These detectorsratio is one in a bandwidth of 1 Hz.
have the highest possible D* values for a given wave: . .
length when exposed to the earth's thermal radiatior?i Experimental Details
field. Note from the figure, that D* values for a BLIP- The photodiode structure employed in the present work
limited detector become extremely large as the wavds shown schematically in Figure 2. It consists of a base
length decreases into the UV. This is because a 293kyer of n-AlGaN (~20% Al) followed by an undoped
black body radiation background contains virtually noGaN layer and a p-GaN layer. The photodiode structure
UV radiation, so an extremely sensitive detector igS deposited by MOVPE onto a polished sapphire wafer
required to be able to be detect this near-zero therm& permit illumination of the device through the sub-

background from the earth. strate. As shown in the figure, the photodiode responds
The spectral detectivity D* of a photodiode detectorto UV light in the wavelength band from about 320 nm
may be expressed as [14] to 365 nm. At wavelengths shorter than 320 nm, the

incoming light is absorbed in the thick AlGaN base
layer and the junction is not illuminated. Likewise, the
diode does not respond to wavelengths greater than 365
nm, since this corresponds to the optical absorption edge
The first term in the bracketed quantity above (4kT/of GaN at 300K. By increasing the Al content of the
RoA) arises from thermal noise sources within thepase layer it is possible to increase the optical band-

detector. The second term fAdy,) is due to the back- Width of the diode's UV responsivity. ~ Likewise, by

ground radiation,, to which the detector is exposed. If 2dding Al to the top layers, it is possible to change the

the detector is limited by thermal noise, that is, if thefjIOOIe UV responsivity band to other wavelen_gth regions
. ... in the UV. Thus, UV detectors that sense different UV
thermal noise far exceeds the background radiatiof

induced signal, then the detectivity becomes colo_rs are possible.
Diode structures of the type shown were prepared by

MOVPE both at North Carolina State University
(NCSU) and at the Honeywell Technology Center using
low-pressure, vertical-flow MOVPE reactors that

where k is Boltzmann's constant and T is the abscemploy high speed substrate rotation during film
lute temperature. Note that the detectivity D* is directlygrowth. The photodiode structures were deposited onto
proportional to (Ing)l/2 when the detector is noise-lim- 2 in diameter c-plane sapphire substrates. The growth
ited. Thus, to develop very sensitive detectors it iva@s initiated by depositing a thin AIN buffer layer at
essential that the detector noise sources be minimized §60-650°C; all subsequent layers were grown at 1050-
that R)A is large. In the case of IlI-V nitrides, the 1080°C.

extremely large density of dislocations represents a sig- All device processing was completed at NCSU using
nificant noise source. Therefore, dislocation reductiorstandard semiconductor processing techniques which
should have a very positive effect on the detectivity ofincluded photolithography using appropriately-designed
nitride photodiodes. masks, reactive ion etching to define mesa structures,

If the second term in brackets of equation (2) abovand metallizations to provide ohmic contacts to the n-
dominates, then the background signal determines Dtype and p-type layers of the device.

D* = (qn/hv) [(4KT/RA) + 2¢2nd,] Y2 (cm HZ2W™). (2

D* = (qn/hv) [(4KT/RA)] 2 = (gn/hv) (RoA/4KT)Y2  (cm HZY2WY),  (3)
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Spectral responsivity measurements were completeguartz lens of focal length 25 mm was used to focus the
at NCSU on selected discrete photodiodes. In thesgV scene onto the GaN/AlGaN FPA as shown in Figure
experiments a xenon lamp was employed as a UV.
source and the wavelengths were selected by a mono- The output from the visible-blind UV camera was
chromator. The monocromator output was calibrate@onnected to an Amber Proview imaging system. The
using a calibrated UV-enhanced Si photodiode. Theroview system contains electronics to support the
300K dynamic resistance of the photodiode at zero-biagnaging of FPA devices and to interface FPA devices to
RO was measured for selected devices Using a Sh|e|dQﬁlg|ta| recording and processing equipment. In addi_
low-noise enclosure and shielded probe tips. These me#ien, it can convert the digital data into an RS-170 NTSC
surements were combined with the device area A tanalog video format that can be displayed on any RS-
obtain the BA product. Equation (3) was then used to 170 compatible monitor.

obtain an estimate of the detector detectivity, D*. i ,
. 4 Results and Discussion
In order to use the GaN/AlGaN photodiodes as the

basis for a new visible-blind UV digital camera it is nec-4-1 Discrete GaN/AlGaN p-i-n Heterostructure Pho-
essary to employ flip-chip bonding techniques to hybrigiediode
ize an appropriately sized photodiode array to a silicoiThe room temperature spectral responsivity of a discrete
readout integrated circuit (ROIC) as shown in Figure 3GaN/AlGaN p-i-n heterostructure photodiode is shown
In the present case, NCSU designed and purchasediraFigure 9. This particular device, which was obtained
mask set for a photodiode array that matched a 32 x ¥2om the same wafer as the FPA, consists of a base n-
ROIC chip provided by the Night Vision Laboratory type layer of A ;Gay gN, an undoped GaN layer, and a
(NVL) at Ft. Belvoir. A fully processed 32 x 32 photo- p-type GaN:Mg layer deposited by MOVPE. It is seen
diode array is shown in Figure 4. The array consists ofom the figure that the device has a sharp cut-on begin-
1024 mesa diodes of areadd x 44um on a 53.4m  ning at about 365 nm, which corresponds to the optical
pitch. Note from the figure that n-type metal contactsabsorption edge of GaN at room temperature. The
extend between all 32 rows of the array to insure a shofesponsivity reaches its maximum value of 0.2 A/W at a
current path for each pixel when the photodiode array igjavelength of 358 nm. According to equation (1), this
illuminated. corresponds to an external quantum efficiency of 70%.
The Si ROIC device employed in the hybridization Assuming the reflection losses at the air-sapphire, sap-
process is shown in Figure 5. Prior to hybridization aphire-AlGaN, and AlGaN-GaN interfaces are about 12
NVL, In bumps were deposited onto each of the mesa¥ [12], one obtains an internal quantum efficiency of
and n-contact layers of the photodiode array and ontgbout 82% for this device. The responsivity remains
the corresponding areas of the ROIC using NCSU facilifairly constant until about 320 nm and then begins to
ties. Each 32 x 32 GaN/AlGaN photodiode array waglecrease rapidly as optical absorption occurs in the
hybridized to the silicon ROIC using facilities at NVL Alg /Ga gN base layer of the device.
and then cemented onto a leadless chip carrier. Gold Figyre 10 shows plots of the current-voltage (I-V)
wire bonds were then used to link the various input/outsharacteristics and the dynamic resistance dv/dl versus
put channels from the ROIC to the leadless chip carriegoltage for the discrete device. It is seen from the figure
A closeup of a hybridized UV photodiode array isthat the dynamic resistance peaks close to zero-bias,
shown in Figure 6 mounted onto a printed circuit boarqngicating that the device should be most sensitive to
in preparation for testing. UV radiation when operated in the photovoltaic mode at
The experimental setup at NVL that was used foior near zero-bias. Using the device area A along with
testing the GaN/AIGaN UV FPA is shown in Figure 7. Equation (3) one obtainsyR = 1.5 x 1§ Q-cn? and
It consists of an alpha-numeric UV source, a quartz_, _ i -
focusing lens, the UV digital camera, and a digital cam{D.* = 6.1 X 16 cm HZUZW. * for this discrete photo- .
; . . : iode. This D* value, obtained at room temperature, is
era computerized imaging system. An Oriel model 603 : .
one of the largest D* values ever obtained for any semi-

Hg(Ar) pencil lamp fitted with a 6042 flourescent filter .
was used as a UV light source. This produced a rectalf> hductor photodetector operating at any temperature,
) s is illustrated by the D* values for various devices

?];Ia\:vi(t%'sacénwﬁiﬂcg?)i\é 2:1;pultnci?éirre§l) a;ri\?%l: ggdsahown in Figure 1. Note from the figure that the GaN/

alpha-numeric UV scene, a thin sheet of brass was usédGaN p-i-n photodiode D* value of 6.1 x bcm

to mill out the letters “NCSU”. This brass aperture wasHz2w1 is more than an order of magnitude higher that
then attached to the front of the UV source as shown ib* values for UV-enhanced Si photodiodes at 358 nm,
Figure 8 to provide a UV back-lighted scene. A fusedand is within a factor of five of D* values associated
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with commercial UV-enhanced photomultiplier tubes attype GaN:Mg layer deposited sequentially by MOVPE.
this wavelength. Discrete 20qum x 200um photodiodes, processed from
42 GaN/AIGaN 32 x 32 Photodiode Array the same _vyafer as the photodiode array, display s_pectral

) ] responsivities of 0.2 A/W at 358 nm, corresponding to
Figure 11 shows the output seen on the Proview systegh internal quantum efficiency of 82%. A detector fig-
monitor on July 28, 1999 when the GaN/AIGaN photo-, . ¢ o iy RA = 1.5 x 18 Q-cn? was obtained from
diode array was initially illuminated with UV radiation
from the "NCSU" UV source. This represents the firstvhich the detectivity D* = 6.1 x 8 cm HZ2AW ! was
demonstration of a visible-blind UV camera based on agstimated. This is one of the highest D* values ever
array of Ill-V nitride p-i-n photodiodes. Figure 12 obtained for any semiconductor photodetector operating
shows a direct comparison of the UV source and the U\at any temperature and at any wavelength. The 32 x 32
digital image of the source obtained via the GaN/AlGaNdiode array that formed the sensing element in the visi-
FPA. It should be pointed out that the digital imagedle-blind UV camera displayed similar high sensitivity
shown represent raw data from the nitride FPA. Ndvith ~95% pixel activation.

attempt was made to enhance the image, although the This Uv camera demonstration represents another
Proview imaging system has provision for several imagistorical advancement in optoelectronic devices based
processing functions such as non-uniformity correctiongn |jj-v nitride materials. It is, indeed, remarkable to us

global gain and offset, pixel de-select, and pixel replacethat the outstanding characteristics of the GaN/AlGaN
ment. Applying these procedures would produce &eterostructure p-i-n photodiodes and the diode FPA

cleaner, more uniform digital image. The images showihat we are reporting were obtained using samples that

were obtained with the photodiode biases set at '0'1\éontain 189 or more dislocations per éh The reason

the pixel integration time set at 32 milliseconds, and th(’\’)v y only nitride devices function in the presence of
camera frame rat_e set at 3O.HZ' It should also be. _notes ch large dislocation densities remains a matter of
th'at to prevent pixel saturgtlon under these Condlt'ons’SpecuIation [16]. However, dislocation reduction tech-
W'th the hUV sqturce positioned tto prolduce trt'e ll'évniques such as epitaxial lateral overgrowth (ELO) or
'mages shown, 1t was necessary to employ heutral 0k, \jiqenitaxy  [17] [18] [19] [20], if successfully
S'ty filters (ND 1) to decrease the UV flux at the.F.PA.'applied to AlGaN layers, hold promise for even more
This clearly demonstrates t.h at .the FPA. requnswlty I?mpressive nitride photodiode characteristics in the
more than adequate to obtain high quality UV images “Tuture

even under low light conditions. '

By moving the UV source up and down and to the When fully developed into large-format photodiode
right and left relative to the stationary UV camera, it waT@Ys, this new type of UV digital camera may be used
possible to illuminate all of the various 1024 pixels Oftlz:ggqna:n():i/evtvé?:g;)rr?n?r:?sgsi?g2:'(1:?3?;I;ir;gluddé?gctti)cl)?:o%:frﬁlc)
the FPA. Using this procedure, it was found tha ] ' ] - : ' -
approximately 95% of the pixels were active (UV light spheric ozone-level detection, welding imagery, and

sensitive), although some variation in pixel responsivi/ame sensing.  In addition, large-format UV staring
was noted from the raw-data display. FPAs based on nitride photodiodes may play an impor-

It should be emphasized that the visible-blind Uy 2"t Folé In obtaining UV images of the stars and other
i . ad%tronomlcal objects of importance in understanding the
camera that has been demonstrated is NOT a solar-blin : . .
o . creation and evolution of the universe.

camera. In fact, it is a very sensitive detector of the
sun‘_s radiation in the 320 - 365 nm UV radlatlor_l bandACKNOWLEDGMENTS
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photodiodes in the array consists of a base n-type layer
of AlGaN:Si (~20%), an undoped GaN layer, and a p-

5 Summary and Conclusions.
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Figure 1. Spectral detectivities for selected photodetectors.
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Figure 3. Hybridization process for UV digital camera.
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®53.4 pm centerto-center mesa distance
@44 pm x 44 pm etched mesas

@135 pm x 3% pm p-metal bond pads

@24 pm diameter indium bump pads

@20 fully processed arrays at HCSU

Figure 4. Nomarski photographs of a 32 x 32 GaN/AlGaN photodiode array.

Figure 5. Nomarski photographs of a 32 x 32 silicon ROIC.

@534 wm center-to-center pixel distance
@24 pn x 24 pm metal bond pads
@24 pm diameter indium bump pads

@36 readout devicesfor 32 x32 diode
arrays available at NCSU and NVL

@ maging hardware/software in place
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Figure 6. Hybridized GaN/AIGaN UV photodiode array mounted on PC board prior to testing
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Figure 7. Experimental setup used at NVL to evaluate the
visible-blind UV digital camera.
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Figure 8. Back-lighted UV alpha-numeric (“NCSU") source used for nitride FPA testing at NVL.

_ ' ! ! : , 5x10"
z 02017 7@ Peak Responsivity | 100
E R =0.20 AIW 4
— at 358 nm - 7
> 0151 q T —_
[ k=4 G 3
> Nt = 0.82 E -100 5
) 010 T 2 2f
= g:: 200 {1 =°?
=]
8 o 1
@ 0.05 . 300~ 1
m 1 1 0 1 | Ma495-s
(' . n . 92 01 00 04 02 02 04 00 01 02
0-02000 250 200 250 400 450 500 VOLTAGE (volts) VOLTAGE (volts)

Figure 10. Current-voltage characteristics of a discrete GaN/
AlGaN p-i-n heterostructure photodiode (left). The dynamic

Figure 9. Spectral responsivity of discrete (R@@x 200um)  resjstance versus voltage is also shown (right). Note that the
GaN/AlGaN heterostructure photodiode operating in thegiode dynamic resistance peaks near zero-bias and is very

photovoltaic mode (zero bias). large. This implies high optical detectivityy/R= 1.5 x 16 0-

cm? and D* = 6.1 x 18 cm HZ2WL were obtained for this
device.
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Figure 11. First demonstration of a visible-blind UV image from a lll-V nitride-based photodiode array. The image from the FPA
was recorded at NVL on July 28, 1999.

Figure 12. Comparison of UV source (left) with digital image
generated by the GaN/AlGaN focal plane array of visible-blind
UV sensitive photodiodes (right).
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