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Persistent photoconductivity effects have been characterizech-type Aly1:Gay gN/GaN
heterostructures using both monochromatic light and room light illumination. Time constants of
~1x10* s have been observed, and measurements of photocurrent specta performed using various
illumination geometries and techniques have shown that defect levels exist in both {a8akN

and GaN layers. Broad distributions of defect levels with excitation energies lower than the bandgap
energies are found in both /:Ga g\ and GaN, and evidence is observed that these levels
contribute significantly to the aforementioned persistent photoconductivity effects. The photocurrent
spectra also reveal the presence of a level with an excitation energy of 3.36 eV that contributes to
the persistent photoconductivity in the heterostructure.1998 American Institute of Physics.
[S0003-695(198)03516-5

-V nitrides have been a subject of intense recent refollowed by a nominally undoped AlGa, s\ layer either
search for applications in visible and ultraviolet light- 300 or 500 A in thickness. Thick layers of nominally un-
emitting devices and in high-power, high-temperature elecdoped GaN and Al;:Ga, g\ grown under similar condi-
tronic devices. Despite remarkable advances inions were found to be highly resistive. The growth tempera-
optoelectronic and electronic device performance, it is welkure was 1100 °C. A detailed description of the sample
recognized that numerous and varied structural and elegrowth conditions and procedures can be found elsewhere.
tronic defects exist in these materiafs;an understanding of Schottky diodes were fabricated by deposition of Ti/Al to
these defects and their potential influence on device propeferm ohmic contacts, followed by deposition of Ni/Au to
ties is of increasing importance for optimization of deviceform Schottky contacts consisting of 32@n-diam dots. De-
performance. A number of recent studies have demonstratespite the low dopant concentrations in the epitaxial layers,
the existence of persistent photoconductivitPQ in  capacitance—voltage profiling revealed the formation, due to
n-GaN; p-GaN?>*® and ALGa,_,N/GaN heterostructures, the piezoelectric effect!’of a two-dimensional electron gas
the presence of which suggests the possibility of device in2DEG) at the Al 1:Ga, gN/GaN interface with a typical
stabilities associated with charge trapping. Detailed charasheet carrier concentration of3x 10 cm 2 Figure 1
terization of PPC effects can provide information about deshows the sample structure and illumination geometry used
fect levels in these materials and is especially useful foin this work. Photocurrent measurements were performed
[1I-V nitrides because the activation energies of many levelsvith a constant forward bias applied to the diode. The effects
in these materials can exceed the thermal excitation limit obf sample illumination by either room light or monochro-
measurements such as deep level transient spectroscopy. matic light from a halogen cycle lamp and monochromator

In this letter, we present studies of PPC and measurewere investigated.
ments of photocurrent spectra mtype Aly 1:G& gd\N/GaN

heterostructures. Significant PPC effects with very long de- ,'cfm |tr;a’13t|on
cay times are observed at room temperature. Several well Ni/A AT

. i i/Au |
defined features together with a broad envelope are observed Schottky contact Ohmic contact

in the photocurrent spectra, and have been assigned to defect
levels in either A} 1:G&, gg\N or GaN based on measurements
performed using various illumination conditions and tech-

300-500 A undoped Alo.15GagssN

nigues. Correlations between the presence of these levels and 3 um undoped GaN
the PPC effect have also been investigated.
Samples for these studies were grown by metalorganic sapphire

chemical vapor depositiofMOCVD), and consisted of 3

pm nominally undoped GaN grown on a sapphire substrate,
lllumination

from bottom

dpermanent address: Department of Applied Physics, Tianjin University,
Tianjin 300072, People’s Republic of China. FIG. 1. Schematic diagram of a nominally undoped, ABa gN/GaN
YElectronic mail:ety@ece.ucsd.edu Schottky diode structure and of the illumination geometry used in this work.
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FIG. 2. Transient response in diode current when the illumination source is g 16f N E
introduced and removed. The circles are experimental measurements, and 7
the solid line a stretched-exponential fit to the data. S 1.5¢ k
§ 141 .
Figure 2 shows the current as a function of time and £ s ]
illumination in a 500 A A} ;Ga, gN/GaN Schottky diode £ " -/
with monochromatic illumination at a photon energy of 3.37 120 e - ilumination .
eV. A persistent photoconductivity effect is clearly observed, P from bottom
and similar transient behavior is seen when room light or 2.0 2.5 3.0 3.5 4.0
other monochromatic light with photon energy ranging from photon energy (eV)

2 to 3 eV is used as the illumination source. The decay in

photocurrent after turning off the illumination is well de- FIG. 3. (a) Photocurrent spectra measured at various bias voltages for a 500
ibed b hed ial f . A Al 1Gay gN/GaN Schottky diode, for illumination provided from the top
scribed by a stretched-exponential function of the sample(b) Photocurrent spectra from the same structure, obtained at

|(t)=|0+ B, exq._ (t/’T)E] (0<ﬂ<1), ﬁr.‘%)vofbiﬁz \évailtr:';III:.mination from the tojgdashed ling and bottom(solid
wheret is the time,r is the characteristic time constant for
decay of the photocurreng is the decay exponerit is the Because photoexcited carriers from both GaN and
initial dark current, andB, is a constant. A least-squares fit Al Ga g\ can cause an increase in photocurrent, mea-
to the experimental data yields a time constant1.0  surements performed using illumination from the top of the
x 10* s, roughly an order of magnitude longer than previ-sample do not allow levels in the GaN layer to be distin-
ously reported values far-type orp-type GaN, and a decay guished from those in the Ml<Ga, g\ layer. Comparison of
exponent 3~0.2, which is comparable to previously re- photocurrent spectra measured with illumination from the
ported values!*? A sum of exponentials with up to three top and from the bottom of the sample have provided insight
components has also been used to fit the experimental dataioto the physical location of various transitions within the
Fig. 2, but was not able to provide an accurate fit over theSchottky diode structure. Figure(l§ shows photocurrent
entire range of time shown in the figure. spectra for the same diode as in Figa)3but with illumina-

To investigate the energy distribution of trap levels, pho-tion from the bottom. In this geometry, significant attenua-
tocurrent spectra were measured for excitation energies rantjon due to absorption within the thick GaN layer is ex-
ing from 2.2 to 4 eV. In order to reduce the effect of PPC lagpected. Only photons which are not significantly absorbed in
on spectrum features, the incident light wavelength wassaN, but can be absorbed to produce excess free carriers
scanned at a speed 6f0.2 A/s. Scans in which the wave- either in Al Ga,gdN or near the A ;<Ga, ggN/GaN inter-
length was decreased with time showed similar features téace, will cause an increase in photocurrent. As seen in Fig.
those in which the wavelength was increased. Figua 3 3(b), illumination from the bottom causes the features above
shows photocurrent spectra for 500 A AlGa,sdN/GaN  the band edge of GaN to become much weaker, with the 3.36
Schottky diode for a range of forward-bias voltages, witheV peak and the broad tail arising from defect levels becom-
illumination provided from the top. In these spectra, peaks aing the dominant features. The magnitude of the 3.36 eV
~3.7, 3.42, and 3.36 eV can be seen, together with a broapeak changes only slightly in the different illumination ge-
tail extending from the GaN band edge+®.2 eV. The 3.7 ometries, which suggests that radiation at this energy is not
eV peak is near the band edge o MGay s\ (3.8 eV), and  significantly absorbed in GaN and that the concentration of
the 3.42 eV peak corresponds to the band edge of BaN.the associated defect level in the thick GaN layer is low. In
The origin of 3.36 eV peak is not clear thus far. The exis-both illumination geometries, the broad distribution of defect
tence of the broad tail suggests a broad distribution of defedevels is observed, but the distribution varies with the illumi-
levels within the band gap. Normalization of the measurechation geometries. There exists a plateau below the GaN
photocurrent spectrum by the incident photon density did noband edge in the bottom-illumination spectra, while the pho-
significantly alter these observations. tocurrent decreases monotonically with decreasing energy
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5 - - - geometries. The decrease in AC photocurrent observed in
3.42 eV Fig. 4 at energies above the GaN band edge may be caused
i partly by the absorption of the incident light within the
Alg 1:Ga g\ layer. Finally, we observe in Fig. 4 that the
T 3.36 eV peak is not present in the AC photocurrent spectrum,
suggesting that the excitation of carriers from this level con-
] tributes primarily to the persistent photocurrent.
In conclusion, we have performed detailed studies of
] persistent photoconductivity im-type Al 1:Ga, gdN/GaN
heterostructures. PPC effects arising from defect levels in
both the A}, 1:Ga, gN and GaN layers were observed, with a
typical time constant of~1x 10* s. Measurements of pho-
photon energy (eV) tocurrent spectra performed using different illumination ge-
FIG. 4. AC photocurrent spectrum measured using a lock-in amplifier withome”ies and illumination teChniqueS allowed us to distin-
illumination from the top of the sample chopped at a frequency of 338 Hz.guish between spectral features arising from deep levels in
the GaN layer and those originating ingAkGa,; gN. A level
) ) o with excitation energy of 3.36 eV was observed in the struc-
from the GaN band edge in the top-illumination spectra. e with detailed analysis indicating that its concentration is
Slmllgr dlstrlputlons of Qefect vaels have also been observeﬂ)w in GaN and that excitation of carriers from this level
by Qiu ?t al. n GaN epilayers: , contributes primarily to the persistent photoconductivity.
To investigate the correlation between the features obg . gistributions of defect levels with excitation energies
served in the photocurrent spectra and the observed PPC %’wer than the band-gap energies were detected in both the

fects, AC photocurrent spectra were measured USINg BN and A} ,(Ga, 5N layers, and excitation of these levels
lock-in amplifier with excitation light chopped ata frequency -« confirmed to give rise to PPC effects in the Schottky
f=338 Hz. In such a measurement, persistent photocurrenjj,qe
with time constants much longer thanfwill not be present
in the signal from lock-in amplifier. The AC photocurrent The authors would like to thank D. J. Qiao and L. S. Yu
spectrum measured with illumination from top of the samplefor help with the preparation of samples. Part of this work
is shown in Fig. 4. A single peak at 3.42 eV is seen correwas supported by BMDQDr. Kepi Wu) monitored by
sponding to the GaN interband transition. The broad tail iFUSASMDC. E.T.Y. would like to acknowledge receipt of a
not observed, demonstrating that excitation from the assocSloan Research Fellowship.
ated defect levels contributed primarily to the PPC effect.
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