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Key temperature-dependent characteristics of AlGaN-based UV-C laser
diode and demonstration of room-temperature continuous-wave lasing
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Although the pulsed operation of AlGaN-based laser diodes at UV-C wavelengths has been confirmed in previous
studies, continuous oscillation without cooling is difficult because of the high operating voltage. In this study, the
temperature dependence of key parameters was investigated and their impact on achieving continuous-wave lasing was
discussed. A reduction in threshold voltage was achieved by tapering the sides of the laser diode mesa and reducing
the lateral distance between the n- and p-electrodes. As a result, continuous-wave lasing at room temperature was
demonstrated for the first time at a threshold current density of 4.2kA/ cm? and a threshold voltage of 8.7 V.

Semiconductor ultraviolet laser diodes (LDs) with wave-
lengths shorter than 280 nm (so-called UV-C LDs) have
long been desired for instrumentation applications!™, spe-
cialty laser machining™®, and even improved disinfection
applications’. However, even though such lasers were first
demonstrated?, efficiency and lifetime must still be substan-
tially improved before practical applications can be realized.
The initial demonstration of LDs only allowed pulsed opera-
tion and, while recent progress showed that continuous-wave
(CW) operation was possible, it was only achieved with op-
eration below room temperature’. In this paper, we present
a detailed discussion of the effects of temperature on UV-C
LDs. While the series resistance of the diodes shows rel-
atively little temperature dependence, the threshold current
varies substantially with temperature and can be described
with a characteristic temperature of 70 K. By understanding
the temperature characteristics, it became possible to quantita-
tively discuss how the increase in junction temperature owing
to self-heating during DC drive inhibits CW operation. The
room-temperature CW lasing of fully packaged UV-C LD is
demonstrated for the first time by improving the device design
to lower the junction temperature when the LD is operated
above the threshold current.

In the present work, an AlGaN-based UV-C LD structure
was grown pseudomorphically on the (0001) (Al-polar) face
of 2-inch, single-crystal AIN substrates'® by MOCVD. The
structure consisted of a 400-nm-thick, Si-doped Alg 75Gag 5N
n-cladding layer, a 120-nm-thick undoped Aly3Gag37N
waveguide layer that included an active layer consisting of
two 4.5-nm-thick quantum wells, a 320-nm-thick p-type dis-
tributed polarization doped (p-DPD) cladding layer and a 50-
nm-thick p-contact layer including an additional Al compo-
sitionally graded layer capped with Mg-doped GaN. The Al
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composition x of Al,Ga;_,N was decreased from 1.0 to 0.7
in the growth direction of the p-DPD cladding layer without
any intentional impurity doping. The AlGaN layers were con-
firmed to be fully strained to the AIN substrate by (1015) X-
ray reciprocal space mapping. The epitaxial layer was then
fabricated into LD chips with a resonator length of 600 um
and a p-electrode width of 5 um. The shape of the mesa edges
were carefully controlled to be a 15° slope to the (0001)
surface. This angle was sufficiently shallow to effectively
suppress dislocation formation that can result from the con-
centrated shear stress generated at the mesa edge. Since
these shear-stress-generated dislocations significantly deteri-
orate the active layer near the mesa edge, the p-electrode
must be placed further from the mesa edge in the previous
studies!'. By suppressing the dislocation formation using the
sloped-mesa technique, the p-electrode now can be placed
closer to the mesa edge (also the n-electrode) so that the dis-
tance the current must pass through the n-cladding layer is
shortened and the series resistance of the device could be re-
duced. Cleaved facets with high-reflection coatings (reflectiv-
ity above 0.9) were used at both ends of the LD. The fabricated
chips were then packaged in a 5.6 mm TO-CAN that included
wiring to the p-electrode and to both n-electrodes on each side
of the mesa. A schematic drawing of the fabricated LD chip is
shown in Fig. 1. A cross-sectional SEM image of mesa edge
is also shown.

The temperature dependences of light—current—voltage (L—
I-V) characteristics of a fully packaged device were measured
using a Perlite thermostage between —5 and 65°C. Thermal
grease was used to improve the thermal contact between the
device package and the copper stage while short pulses and
a very low duty cycle (100ns and 0.02%, respectively) were
used to prevent the heating of the LD junction above the stage
temperature during pulsed operation. A calibrated Si photo-
diode was used to measure the edge-emission optical power.
The measured L-I-V characteristics and the threshold current
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FIG. 1. Schematic drawing of fabricated UV-C LD structure and
cross-sectional SEM image of sloped mesa edge.

dependence on the temperature are shown in Fig. 2. The tem-
perature dependence of the threshold current 1, , was fitted
using

AT
L (AT) = I exp <> (1)

Ty

to extract the characteristic temperature Ty of 70K. Here,
ISf represents the threshold current with pulse drive at room
temperature (298K) and AT represents the deviation of the
junction temperature from room temperature. The series resis-
tance R extracted at currents above Iy, , was 8.4 and was al-
most constant over the measured temperature range. Emission
spectra were measured over the temperature range in 10°C
steps at drive currents slightly above the threshold (1.1 x I, ;)
for that particular temperature. The peak wavelength 4, was
274 nm at room temperature, and its shift with temperature
(dA,/dT) was found to be 32pm/K.

Finally, the L-I-V characteristics were measured at room
temperature (without stage temperature control) under direct
current operation and compared with those measured under
pulsed current operation, as shown in Fig. 4. CW lasing
was successfully achieved at driving currents above I, . =
125mA, which corresponds to 4.2kA /cm? assuming uniform
current injection from the p-electrode. The threshold operat-
ing voltage V;;, . at the threshold current was 8.7 V. The hor-
izontal and vertical far-field patterns (FFP) were also charac-
terized under pulsed operation at peak output power of 1 mW,
as shown in Fig. 5. As shown in Fig. 5, multiple peaks were
found in the horizontal FFP. This suggests that multiple trans-
verse modes are allowed, consistent with the fact that no at-
tempt was made to achieve single transverse mode confine-
ment in the current design. The full-widths at half-maximum
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FIG. 2.
pulse operation and (b) threshold current.
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FIG. 3. Normalized edge emission spectra at 1.1 x I, , for various
temperatures. The inset shows the peak shift with the temperature.




Manuscript

Current density, J (kA/cm?)

0 2 4 6
1.2 . . — 12
—— Pulse, RT
_ 10} — DC.RT 110
=
£
3 08 18 <
9 >
%—) >
= 06 16 o
g g
[ (o]
S04 14 =
R
&
0.2 12
0.0 L

50 100 150

Current, | (mA)

o

FIG. 4. L-I-V characterisitcs of fabricated UV-C LD under pulsed
and DC operations at room temperature.
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FIG. 5. Measured horizontal and vertical FFPs at emission power of
I mW

of the horizontal and vertical FFPs were 6 and 30°, respec-
tively. The kinks that appear in the L-I properties are proba-
bly due to mode hopping as the current is increased, consid-
ering the clearly multiple transverse modes seen in the hori-
zontal FFP. It is expected that the linearity of L-I character-
istics above threshold current will be improved by reducing
the number of allowed transverse modes, for instance, by us-
ing a narrower ridge and gain geometry'?, or by eliminating
higher-order modes by employing absorbing layers!>!4. Re-
ducing the temperature variation due to drive current may also
be effective!”.

The I-V curves shown in Fig. 2 are well fitted by V =
Von + IR when the turn-on voltage V,, of the diode is 7.8V
at room temperature and have a temperature dependence of
—13mV/K while Ry is nearly constant. This unusual temper-

ature stability of Ry appears to be a contribution of using the
p-DPD cladding layer without intentional impurity doping.
Much higher temperature dependences of R, are commonly
seen in InGaN-based blue laser diodes where Mg dopants are
used for p-cladding layer'®!7. In these cases, the temperature
dependence of R; is dominated by the large activation energy
of Mg dopant in the p-cladding layer. The impact of Si doping
on the n-cladding layer conductivity is expected to be much
less since the dopant activation energy of Si in Al,Ga;_,N al-
loys is comparable to the energy of room temperature for Al
compositions x up to 0.8'8. The measured lasing peak shift
is reasonably well explained by the temperature dependence
of the bandgap energy E,(T') given by a thermal bandgap nar-
rowing model. The bandgap energy follows the unbroadened
Varshini formula

aT?
B+T

Eg(T) = Eg(o)

and the a(x) and B(x) provided by Nepal et al.!” For
an Al composition of x = 0.53 for the Al,Ga;_,N quantum
well layer, the derived bandgap temperature dependence of
—0.49meV/K is in excellent agreement with the measured
lasing peak shift that corresponds to —0.53 meV /K. The dif-
ference between the threshold current required for CW oper-
ation (I;.) and that for pulsed operation (I;,,) can now be
understood as being due to the difference in LD junction tem-
perature when the LD is operated under short pulses and low
duty cycle, as opposed to the junction temperature under CW
operation. Using Tj of 70K in Eq. 1, the increase in threshold
current from I, , = 85mA to I, . = 125 mA corresponds to an
increase in junction temperature by 27 K. Independently, the
thermal resistance 6 between the LD juction and the cooling
stage (which is dominated by thermal transport through the
TO-CAN package) was measured to be 25K /W by a standard
transient measurement technique®®. Since the threshold power
required to operate the LD CW at room temperature is 1.1
W, given that Vi, . = 8.7V and I, . = 125mA, the LD junc-
tion temperature under CW operation will be 28 K higher than
the LD junction temperature when operated with short pulses
and low duty cycle because of the self-heating of the LD chip
(AT = 0Vip clip o). This temperature difference AT is indeed
consistent with the increased threshold current required. Note
that the power conversion efficiency can be ignored in this cal-
culation since the optical output power is much lower than the
input power in the current devices®.

This self-heating of the junction under CW operation sets a
limit on how high I, , can be while still achieving CW lasing.
If the required threshold power rises too rapidly in response to
a change in junction temperature, lasing will not be possible.
Thus,

d
=0— ((Rnc+ Von) Ine) < 1

d
0—— (Vz‘h.c[th,c) dT

ar

must be met. Since Iy, - also follows Eq. 1, CW lasing then
requires
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FIG. 6. Calculated highest allowed I, , under pulsed and low duty
operations to realize room-temperature CW lasing in dependence of
Rg and Tj.
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Equation 2 indicates the importance of decreasing 8 and
R, as well as increasing Ty to achieve CW lasing. Using Eq.
2, the highest allowed [, - to achieve CW lasing can be de-
termined. Subsequently, the highest allowed IffLTp (threshold
current under pulsed operation at room-temperature) and AT
can be fixed using Eq. 1 again. Using this approach, one
can quantify the contribution of R; and Tj on the highest al-
lowed Igfp. Figure 6 shows the numerically determined re-
sults. Approaching the limits shown in Fig. 6 will result in the
laser diode junction temperature increasing too rapidly with
increasing current under CW operation and, thus, will not al-
low CW lasing because it will not be possible to achieve the
required threshold current.

Plugging in values of present UV-C LD; 25K/W, 70K,
7.8V, and 8.4Q for 0, Ty, V,,, and Ry, respectively, reveals
that the pulsed operation threshold current must be less than
105mA (3.5kA/ cm?). Although this condition was achieved
in the present work so that room-temperature CW operation
could be demonstrated, it is very close to the theoretical limit
and indicates the critical importance of the reduction in Ry
in the present diode compared that reported in prior work,
12Q°. As can be seen from Fig. 6, increasing the charac-
teristic temperature 7p will also ease the thresholding lim-
itation and allow the laser diode to operate at higher tem-
peratures. The Tp measured here is still significantly lower
than the values reported in InGaN-based LDs, which typi-
cally exceed 150K?!?2, Temperature-dependent mechanisms,
such as the broadening of the gain spectrum (decreasing the
gain), thermally activated carrier escape, free-carrier absorp-
tion, and Auger recombination, may all play a role in decreas-
ing Tp?>~%. Further improvements in device performance may
be achieved through an improved understanding of how de-
vice design, material growth, and device fabrication affect Tp.

Here, the room-temperature CW operation of UV-C LDs
grown pseudomorphically on AIN substrates was demon-
strated for the first time. This key milestone was only pos-
sible because of a reduction in the threshold power (1.1 W)
required for lasing through reductions of both the threshold
voltage (8.7 V) and the threshold current (125 mA). Although
UV-C LDs have been demonstrated in prior work, CW las-
ing was not possible without cooling. The characterization
of the temperature dependence of key LD parameters shows
that the threshold current for lasing has a strong temperature
dependence with a characteristic temperature of 70K. This
strong temperature dependence makes the LD sensitive to
self-heating during CW operation even when it endorved with
good thermal conductivity of 25K/W. A reduction in thresh-
old voltage was achieved by reducing the lateral distance be-
tween the n- and p-electrodes by tapering the sides of the LD
mesa. Past improvements of other nitride-semiconductor LDs
indicate the likelyhood that increasing the characteristic tem-
perature is possible and that this improvement will coincide
with the improvement of other key LD performance charac-
teristics.
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