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Ultraviolet light-emitting diodes (LEDs) with emission wavelength as short as 280 nm, grown by
gas source molecular beam epitaxy with ammonia, are described. The typical multi-quantum well
(MQW) structure LED consists of an AlN buffer layer deposited on Si(111) or sapphire, fol-
lowed by a (Al)GaN buffer layer and two superlattice structures, n- and p-type, with the MQW
active region placed between them. Room temperature Hall measurements of n- and p-type
AlN/AlGaInN superlattice structures show average hole concentrations of 1 � 1018 cm––3, with mobi-
lity of 3–4 cm2/Vs, and electron concentrations of 3 � 1019 cm––3, with mobility of 10–20 cm2/Vs.
Room temperature electroluminescence spectra of mesa-etched devices show predominant emis-
sion at 280 nm.

Introduction There has been considerable recent interest in the preparation of ultra-
violet light-emitting diodes (LEDs) based on alloys of AlGaInN [1–10]. Devices with
emission wavelength between 340 and 280 nm would lead to a number of new applica-
tions, from fluorescence excitation to data storage. Despite recent progress, the prepara-
tion of light sources operating below 300 nm is still very difficult. Limits on p-type dop-
ing of AlGaN with high Al concentration can be overcome to some extent by the use
of AlGaN/GaN [11–13] and AlGaInN/AlGaInN [7, 8] superlattices (SLs), allowing for
the preparation of LEDs with emission wavelength close to 300 nm. Recently, we have
shown that SLs based on AlN/AlGaInN, doped with Mg, can be used to increase the
effective bandgap of the p-type cladding layer, demonstrating a 280 nm LED [9, 10].
We discuss the electrical and optical properties of these SLs and point out the impor-
tance of active structure design and careful post-growth device fabrication.

Experimental Two types of devices were investigated. The first consists of three SLs:
n- and p-type emitters and an undoped active region [9]. Short-period SLs of
Al0.4Ga0.6N/Ga(In)N, each containing 25 pairs of quantum wells uniformly doped with
Si and Mg, are used to achieve high n- and p-type doping levels, respectively. Hall
measurements of the p-type SL consisting of 1 nm thick layers of GaN separated by
5 nm thick layers of Al0.4Ga0.6N showed an average hole concentration of 4 � 1017 cm––3

with a hole mobility of 7 cm2/Vs. Hall measurements of the n-type SL showed an elec-
tron concentration of 2 � 1018 cm––3, sufficient for LED applications. The active region
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of the LED consists of five wells of GaInN (xIn < 0.01%) sandwiched between 5 nm
thick barriers of Al0.4Ga0.6N. By varying the well thickness from 3.2 nm down to 0.6 nm,
we found that the peak emission wavelength shifted from 370 to 325 nm. The maximum
intensity occurred for a well thickness of �1.0 nm, with a peak position at �340 nm.
Addition of a small amount of In to the GaN well doubles the emission intensity. The
second LED type was based on SLs of AlN/AlGaInN grown on Si(111) [9] and on
sapphire [10]. The AlN barriers were �1.2 nm thick. The wells of AlGaInN, with an
AlN content of �0.1, were �0.5 nm thick. Each SL consisted of 150 barrier/well pairs.
The p-type SL, doped with Mg, had an average hole concentration of 1 � 1018 cm––3

with a mobility of 3–4 cm2/Vs, at room temperature. The doping level in the n-type SL,
doped with Si, was as high as 3 � 1019 cm––3, with a mobility of 10–20 cm2/Vs. The
active region of this device consisted of five pairs of undoped AlN/AlGaInN SLs.
Two points should be made about epitaxial growth of these LED structures. First, the

quality of the buffer layer is very important to the successful preparation of the device.
This is illustrated in Fig. 1a. The transmission electron microscopy (TEM) cross-section
shows the buffer layer grown on sapphire. Epitaxial growth is started with the nitrida-
tion of the substrate, followed by the deposition of AlN, at 900 �C. A 40 nm thick layer
of AlN is then grown to produce a two-dimensional (2D) surface with Al polarity. A
buffer layer of GaN or AlGaN, with an Al content of 0.1, is grown next, under 2D
conditions. As shown in Fig. 1a, the majority of dislocations are confined to the buffer
and the SL-based device structure is grown with a drastically lower defect density. Low
defect density is expected in SL structures with narrow wells and barriers [14]. In the
absence of a buffer layer, the high quality of short-period SLs cannot be assured. Sec-
ond, even when the buffer layer is present, high-quality growth of the SL requires a
high quality of control. Gas source molecular beam epitaxy provides excellent control
over the growth rate and fluxes [15] needed to produce sub-nanometer SLs. This is
shown in the TEM cross-section of Fig. 1b illustrating the AlN/AlGaInN SLs of the
LED structure. The wells and barriers appear to be uniform and continuous, even at
sub-nanometer dimensions.
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Fig. 1. TEM cross-section images of a) the entire device structure and b) its upper part consisting
of AlN/AlGaInN SLs only



Figure 2 shows cathodoluminescence (CL) spectra of the active layer multi-quantum
well (MQW) designed for 340 nm operation, with the active region based on GaInN
wells and Al0.4Ga0.6N barriers. In the set of samples shown, the well thickness was
changed from 1.5 to 0.6 nm. This has two effects. There is a blue shift with decreasing
well thickness, from 350 to 325 nm. The shift, illustrated in detail in the inset of Fig. 2,
is linear and controllable. There is also a strong, and very reproducible, dependence of
the CL intensity on the well thickness. It has a pronounced maximum at a well width of
�0.75 nm (the corresponding spectrum in Fig. 2 is divided by a factor of 5). The opti-
mum CL spectrum is quite narrow, with a full width at half maximum (FWHM) of less
than 11 nm. Addition of a small amount of In, less than 0.01%, to the GaN wells
increases the overall luminescence intensity by factors of 3–5, without changing the
well thickness dependence. The double-peak emission often observed in the spectra
of these wells is believed to arise from growth procedure artifacts. For instance, the
Al and Ga fluxes increase when the shutters are opened and the resulting flux tran-
sients change the composition of the well. This may be less important in the growth
of narrower wells, which take only 3–5 s to grow. Their spectra show slight broad-
ening, FWHM � 15–20 nm, and weak substructure that is not resolved at room tem-
perature.
Figure 3 shows room temperature electroluminescence (EL) spectra from the 334 nm

LED grown on Si(111). The EL spectrum was obtained under DC bias, with a forward
current of 10 mA and a forward voltage Vf � 15 V. The LED emits at 334 nm in a
narrow, �12 nm FWHM, and symmetric peak. We did not observe any defect emission
at longer wavelengths. Similar performance was obtained from 340 nm LEDs grown on
sapphire substrates.
LEDs designed for 280 nm operation were grown on both Si(111) and sapphire sub-

strates. Figure 4 shows EL results obtained for AlN/AlGaInN LEDs grown on sap-
phire. The short-wavelength devices exhibit complex behavior, strongly influenced by
the design of the active region and the device fabrication procedure. Preliminary mea-
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Fig. 2. Room temperature CL spectra of Al0.4Ga0.6N/GaN MQWs. The inset shows the wavelength
dependence on the well thickness



surements were carried out on devices
prepared by depositing Ni contact dots
with two different diameters, 70 and
500 mm, on the p-type surface. The large
diameter contact serves as a cathode.
Light is collected with a UV-transparent
fiber from the edge of the small dot, the
p-type contact, and analyzed with a spec-

trometer. No light emission was observed around the large contact dot. EL spectra of
LEDs grown with an abrupt n- to p-type transition exhibit only the �330 nm emission
(not shown in Fig. 4) which we associate with recombination in n-type SLs. Figure 4a
shows the EL spectrum obtained for a structure grown without Si doping in the n-type
SL. It shows emission at 280 nm, in addition to the �330 nm peak. Light emission is
visible at forward DC currents as low as 2 mA (at Vf � 10 V) and the 280 nm peak
increases rapidly with forward current. EL spectra of a structure that incorporates five
undoped well/barrier pairs between SLs doped with Si and Mg also show two peaks, at
280 and 330 nm, not shown in Fig. 4. When driven with pulsed current, up to 350 mA,
the intensity of the 280 nm peak dominates. The spectrum of Fig. 4b was obtained on
the same structure, with five undoped barrier/well pairs, after 0.5–0.6 mm deep mesas
were etched around contact dots, through the p–n junction that is estimated to be
�0.3 mm deep. The mesas were plasma etched with Cl chemistry using Ni contacts as
masks. EL spectra of the etched structure show predominant emission at 280 nm, with
the 330 nm line reduced to a shoulder, at all currents.
A simple configuration of metal dots on the p-type surface appears to result in large

leakage current. This is not surprising given the nature of SL structures that provide
high in-plane conductance. The relative intensity of the 330 nm peak correlates with
leakage current as well as the presence of Si at the junction. Once the Si is pushed
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Fig. 3. Room temperature CW EL obtained
from an Al0.4Ga0.6N/GaN MQW LED grown
on Si(111)
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Fig. 4. Room temperature EL spectra:
a) LED structure with n-type SL grown
without Si doping; b) mesa structure
LED with an active region formed by
five undoped well/barrier pairs. Intensi-
ties are on the same scale



back, by incorporation of an undoped active region, the competing near-bandedge emis-
sion at 280 nm takes over. In such a structure mesa etching is effective in eliminating
lateral conduction. Formation of an active region with better carrier confinement is
needed in order to minimize competing radiative recombination. Such an active region
can be formed, without affecting the emission wavelength, by increasing the effective
bandgap of the n- and p-type SLs or by the introduction of thicker AlN barriers around
the undoped recombination region.

Discussion We describe the successful preparation of LEDs operating between 280
and 340 nm. These devices are based on tunneling SL structures. The use of doped SLs
was proposed in order to bypass the acceptor incorporation limits in AlGaN [16]. Ex-
perimentally, average hole concentrations at least 10 times higher than that achieved in
a uniform layer appear possible [11–13]. The concept was used by Nakamura et al. [17]
in order to reduce series resistance of laser structures and was applied recently to UV
LEDs [1–10]. Further refinements through modulation doping appear feasible [18]. Re-
placement of a difficult to dope uniform layer with a SL in which the effective hole
density is determined only by its geometry is crucial to the successful preparation of
UV light-emitting devices. The work described here shows that the idea can also be
applied to SLs with AlN barriers.

Conclusion We describe LEDs based on n- and p-type SLs of AlGaN/GaInN and AlN/
AlGaInN with emission wavelengths between 340 and 280 nm. These devices are grown
on Si(111) and sapphire substrates using gas source molecular beam epitaxy with am-
monia.
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