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We have prepared large-area, 0.50 X 0.55 mm?, metal-semiconductor-metal photodetectors based on
AIN layers with different density of inversion domains (IDs). AIN layers were grown on (0001)
sapphire substrates using gas source molecular beam epitaxy. The introduction of AIN/GaN short
period superlattices after growth of AIN nucleation layer yields significant reduction in the ID
density. Photodetectors with ID density of 10® cm™ exhibit a very low dark current of 0.5 fA at zero
bias, which remains below 50 fA up to a bias of £30 V. The peak responsivity of 0.08 A/W was
obtained at a wavelength of ~202 nm. © 2009 American Institute of Physics.

[DOI: 10.1063/1.3200229]

The optical and electrical properties of AlGaN based
deep UV light emitting diodes and photodetectors (PDs)
grown on a c-plane sapphire are very sensitive to the mate-
rial quality. It is well known that high density of threading
dislocation (TDs) and inversion domains (IDs) with
N-polarity yields significant reduction in the performance of
II-nitride based devices.'™ To improve crystal quality, initial
growth generally begins with an AIN nucleation/buffer layer
and often incorporates an AlGaN superlattice for blocking
extended defects in thin layelrs.4 Thick AIN (Ref. 5) is very
attractive for fabricating metal-semiconductor-metal (MSM)
PDs due to the relative simplicity of forming high quality
Schottky contacts. Recently, Li et al. demonstrated MSM
PDs, based on metal organic chemical vapor deposition
(MOCVD) grown AIN on a c-sapphire, with peak responsiv-
ity at 200 nm.” Pantha er al.® observed a strong correlation
between both the dark current and sensitivity of MSM PDs
with the TD density in MOCVD AIN. The influence of IDs
on optoelectronic properties of AIN based MSM PDs, how-
ever, is not yet understood.

In this paper, we report influence of growth conditions
during gas source molecular beam epitaxy (GSMBE) with
ammonia on structural and morphological properties of AIN.
The material quality of the AIN epitaxial layers was studied
using reflection high-energy electron diffraction (RHEED)
carried out in situ during growth and ex situ using atomic
force microscopy (AFM), x-ray diffraction (XRD), scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM). The I-V and photoresponse characteristics
of AIN-MSM-PDs are presented and discussed.

We began by investigating the effectiveness of sapphire
nitridation under different conditions and the impact of nitri-
dation on the surface morphology and crystal perfection of
subsequently grown AIN layers. We found that nitridation at
high ammonia flux yields the smallest root mean square
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(rms) roughness and best crystal perfection. Based on these
results, all substrates were subsequently nitridated at 930 °C
for 20 min using 115 SCCM (SCCM denotes cubic centime-
ters per minute at STP) ammonia flux. The onset of epitaxial
growth was three dimensional (3D). AIN films are grown at a
substrate temperature of 900 °C and ammonia flux of
12 SCCM with growth rate of ~200 nm/ h.” We observed
1 X1 streaky RHEED pattern (not shown here) correspond-
ing to a two dimensional growth mode after deposition of
~10-20 nm thick AIN. Streaky 2 X2 RHEED pattern cor-
responding to Al-polar surface® was observed at room tem-
perature.

AFM images of two samples grown in the step-flow
mode under the above conditions, with thicknesses of 150
and 500 nm, are shown in Figs. 1(a) and 1(b), respectively.
The step height ranges from 0.5 to 1.0 nm for the thin layer
and from 2.0 to 3.0 nm for the thick AIN, and the corre-
sponding step width increases from 0.5 to 1.0 to
2.0-2.5 pum. The large-area rms roughness is 0.45 nm for a
150 nm thick layer and increases to 0.75 nm for a 500 nm
thick AIN.

We note in Figs. 1(a) and 1(b) the presence of small
bright spots. The 5X 5 um? 3D AFM image of the as-grown
500 nm thick AIN (sample A) [Fig. 2(a)] reveals these spots
to be columnar in shape. SEM images support this conclu-
sion. The density of these features is lower on thicker
samples. Upon etching these samples in 1:1 H,O:KOH so-
lution at 80 °C for 30 s, the columnar structures are removed
and we observe deep pits with well defined hexagonal
shapes, as shown in Fig. 2(b). We conclude that the columns
possess N-polarity surrounded by Al polar material, signify-
ing the presence of N-polar IDs. The corresponding ID den-
sity for the 500 nm thick samples is ~5X 10’ cm™ and is
larger by a factor of ~3 for the 150 nm layers. TEM mea-
surements, not shown here, verify that the IDs originate from
the sapphire/AIN interface.

To reduce the ID density, we incorporated two AIN/GaN
short period superlattices (SPSLs) into our structure with
barrier and well thicknesses of ~2.0 and ~0.5 nm, respec-
tively. For our MSM structure on sapphire substrates, a
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FIG. 1. (Color online) AFM image of AIN layers grown in optimized
conditions: (a) 150 nm thick 5X5 um? area and (b) 500 nm thick
10X 10 um? area.

15 nm thick nucleation AIN layer was first grown in 3D
mode. Next, a 15-period SPSL is grown, followed by a
60 nm thick AIN and a 10-period SPSL. The final 500 nm
thick AIN was then grown. The AFM image of 10
X 10 um? area of this sample without IDs (sample B) is
shown in Fig. 2(c). The ID density, ~1X 10° cm™, esti-
mated from larger AFM images, not shown, was reduced by
over one order of magnitude than that in AIN layers grown
without SPSLs. The results of AFM and XRD measurements
are summarized in Table 1.

Crystal properties have been investigated by XRD.
Screw dislocation densities Ng were calculated from the full
width9 1alt half maximum (FWHM) of (0002) reflection
using

B*(0002)

Ns= 2 X b2’ W)
where b is the length of Burger vector and 3 is the FWHM of
(0002) w scan. For the 500 nm thick AIN (no SPSL) and
500 nm thick (with SPSL) layers we obtain consistent Ng in
the range of (6.3-6.8) X 10° cm2. Edge dislocation densities
Np were estimated based on both asymmetric and skew sym-
metric XRD measurements. The dependences of FWHM of

(1011), (1012), (1013), (1015), and (3032) ®-and w-scans
on the inclination angle ¢ were used to estimate Nz Using
the approach in Refs. 11 and 12, we obtain comparable val-
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(a)

FIG. 2. (Color online) (a) AFM image (5X5 um?) of sample A before
etching, (b) AFM image (5X 5 um?) of the same sample after etching in
KOH, and (c) AFM image (10X 10 um?) of sample B without IDs.

ues of Ny in the range of (8.6—9.5) X 10'® cm™2 for both AIN
layers. It is clear that insertion of SPSLs between nucleation
and top AIN layers does not strongly influence either Ng or
Ng. However, the density of inversion domains in sample B
incorporating SPSLs is more than one order of magnitude
lower than for sample A.

These two samples were used to fabricate MSM PDs.
The optical microscopy image of the detector layout is
shown in Fig. 3. Active device area is 0.275 mm? (0.50
%X 0.55 mm?) and the finger electrodes width/spacing is
5 um/5 um. The total area of two electrodes is 0.161 mm?>.
Typical I-V characteristic of PD fabricated on AIN with low
ID density is shown in Fig. 3. Dark leakage current of
~0.5 fA is measured at near zero bias. This dark current
remains below 50 fA up to a bias of =30 V. These low dark
currents are the best reported for AIN large-area MSM de-
tectors.

The PDs fabricated on AIN with high ID density dem-
onstrated /-V with very low dark current similar to Fig. 3.
Interestingly, the PD current remained below 20 fA even un-
der illumination at different bias voltages, corresponding to

TABLE I. XRD results for two ~500 nm thick AIN samples used for MSM
PDs.

Symmetric Screw Asymmetric Edge Inversion
(0002) @ dislocation  (1010) @  dislocation domains
FWHM density FWHM density density
Sample  (arc sec) (cm™) (arc sec) (cm™) (cm™)
A 17.0 6.3X10° 2952 9.5x10'0 5x107
B 17.7 6.8Xx10° 2812 8.6x 100  1x10°
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FIG. 3. (Color online) I-V characteristic and photograph of 0.50

X 0.55 mm?> MSM PDs.

very poor responsivity. Moreover, the response vanished
completely after brief operation. The decrease in photocur-
rent due to illumination, or photodegradation, has been de-
scribed previously and attributed to the formation of meta-
stable defects which localize carriers.">™" In our case,
localization is expected to involve IDs.

Spectral responsivity of PD under bias of —10V is
shown in Fig. 4. The peak responsivity of 0.08 A/W was
obtained at a wavelength of ~202 nm. Cutoff at 213 nm is
obtained for these devices with more than two orders of
magnitude decrease in responsivity from 202 to 213 nm and
more than three orders of magnitude rejection by 285 nm.
We observe a weak feature seen near 310 nm (~4.0 eV) in
the photoresponse in Fig. 4, at ~0.2% of the peak respon-
sivity. Previous photoluminescence studies of MOCVD AIN
reveal a broad feature near 3.9 eV, which is attributed to the
presence of native defects.'®
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FIG. 4. Spectral response of MSM PD at —10 V bias.
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In summary, high crystal quality AIN was grown by
GSMBE of sapphire substrates. The introduction of
AIN/GaN SPSLs reduces the density of IDs in the device
AIN layers without substantially affecting the TD density.
Large-area MSM solar blind PDs, with peak responsivity at
202 nm, are comparable to the state-of-the-art devices fabri-
cated using AIN grown by MOCVD.
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