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Abstract In a novel approach to “thresholdless” lasers, we
have developed a new growth technique for self-assembled
deep centers in the technologically important semiconduc-
tor gallium-arsenide. Here we demonstrate the first gallium-
arsenide deep-center laser. These lasers, which intention-
ally utilize gallium-arsenide deep-center transitions, exhibit
a threshold of less than 2 A/cm? in continuous-wave mode at
room temperature at the important 1.54 um fiber-optic wave-
length. This threshold is much lower than for bandgap tran-
sitions in conventional bulk semiconductors. It is significant
that this first demonstration of broad-area laser action was
accomplished with electrical injection, and not merely opti-
cal pumping, as is usual for a new material.

PACS 71.55.Eq - 71.55.-i - 78.67.-n - 81.10.-h - 85.60.Jb -
78.45.+h

1 Introduction

The ongoing quest for “thresholdless” [1] semiconductor
lasers has led to the development of new materials (e.g.,
quantum wells [2], wires, and dots [3, 4]) and new optical
resonators (e.g., microdisks [4] and photonic bandgap crys-
tals [1]). In a novel effort towards “thresholdless” lasers,
we recently demonstrated [5] that native deep-acceptor
complexes in gallium-arsenide (GaAs) exhibited stimulated
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emission at very low current densities. Moreover, in con-
trast to conventional semiconductor devices, whose operat-
ing wavelengths are determined by the bandgap energy, we
showed [5, 6] that the room-temperature stimulated emis-
sion from GaAs deep centers can be tuned very widely from
the bandgap (~900 nm) to half the bandgap (1600 nm). Here
we demonstrate the first GaAs deep-center laser.

We recently [6] developed a growth technique which
uses a high n-type doping to thermodynamically favor the
formation of large concentrations of compensating deep-
acceptors having energies below midgap. Though these
deep-acceptors have been known since the 1960s [7-15],
this material is novel because n-type GaAs is not usually de-
signed to retain large concentrations of compensating accep-
tors. These compensating acceptors are [7, 8, 16-20] donor-
vacancy-on-gallium complexes (donor-Vg, complexes, e.g.,
VGa, Siga—VaGa, Siga—Vga—Siga, etc., where Sig, denotes
the silicon-on-gallium-site). Figure 1 shows the relevant en-
ergy levels and measurement geometries. The conduction-
and valence-band edges, the deep levels, and an upper state
near the conduction band are denoted in Fig. la-b as, re-
spectively, Ec, Evy, Eq, and Ey. Figure 1b shows the radia-
tive transition between the state Ey near the conduction band
and a deep state Eq1, as well as the fast capture [6] of free
holes onto deep centers. The literature [7, 21, 22] says that
the upper state Ey corresponds to a state centered on the
donor in the donor-Vg, complex, whereas the lower state E4
corresponds to a state centered on the Vg, in the complex.

2 Methods
All samples were grown by molecular beam epitaxy on

semiinsulating GaAs substrates. Sample A consisted of
3000 A of undoped GaAs buffer, 1149 A of AlAs etch stop,
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Fig. 1 (Color online) Energy levels and measurement geometries.
a Deep levels in highly n-doped GaAs. b Radiative transition between
a state Ey near the conduction band and a deep state Eq;. Free holes
undergo fast capture onto deep centers. ¢ Single-pass measurement
from the edge of Sample A. The active layer was not placed within
a resonant cavity or waveguide. d Single-pass measurement from the
edge of Sample B. A bottom mirror (DBR) was added to increase the
single-pass optical length. The rough wet-etched facets preclude the
optical-feedback characteristic of resonant cavities. ¢ Edge emission
from Samples C—-H. The RIE facets allow the formation of a resonant

2271 A of GaAs deep centers, 399 A of Alg 45Gag ss5As,
above which was a 1294 A GaAs layer p-doped at 3.2 x
10" cm—3. Sample B consisted of 3000 A of undoped GaAs
buffer, 42 periods of a distributed Bragg reflector (DBR,
1148 A of GaAs and 1340 A of AlAs), 2486 A of GaAs
deep centers, 399 A of Alg 45Gag 55As, above which was
a 3143 A GaAs layer p-doped at 3.2 x 10'° cm™3. The
growth which yielded Samples C—H consisted of 3000 A

@ Springer

Total Internal Reflection Mode - shorter wavelengths
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cavity, with its characteristic optical feedback. f “Vertical” waveguide
mode, in which the longitudinal wave vector Kx is nearly zero. A lot
of power is transmitted vertically through the top surface. g Longest
wavelength total-internal-reflection mode. Here, rays from within the
semiconductor are incident upon the sample surface at the critical an-
gle Oc for total-internal-reflection. h Shorter wavelength total-internal-
reflection mode. Here, rays from within the semiconductor are incident
upon the sample surface at an angle greater than 6c. This mode makes
fewer passes through the active region. i Top view of the semiconductor
surface showing the pixel dimensions

of undoped GaAs buffer, 35 periods of a DBR (1104 A
of GaAs and 1266 A of AlygsGag 14As), 2108 A of GaAs
deep centers, 399 A of Alg4s5Gag ssAs, above which was a
1937 A GaAs layer p-doped at 3.2 x 10'° cm™3. The Si
donor concentration in the deep-center layer was always
4.5-4.8 x 10" cm™3. We estimate that the concentration
of Siga—Vga in the deep-center layer was about ~1.5—
2% 10" cm~3. These samples were representative of several
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dozen growths. Further details about the crystal growth were
reported previously [6].

Devices were fabricated using standard photolithogra-
phy, wet etches, and Ti—Au contacts. Pixels are shown in
Fig. 1i. Individual devices were isolated from each other by
etching 128 um x L mesas in the n-type deep-center layer.
Current was injected through 104 um x L mesas in the p-
type GaAs layer. In Samples A and B, L was 75 pm and
150 um, respectively. The pixels in Samples A and B were
fabricated with wet etches (phosphoric acid). The wet etches
left the mesa edges with a random roughness. The isolation
etch of Sample B extended 3.5 periods into the DBR. The
pixels in Samples C-H were fabricated via reactive ion etch-
ing (RIE) with an inductively coupled plasma. The isolation
etch of Samples C-H extended 4.5 periods into the DBR.
The Ti—Au contacts were 20 um wide. The electrical injec-
tion utilized current pulses which were 25-400 us wide at
50% duty cycle. The optical emission was measured through
a SPEX 1681B spectrometer, and collected by either an In-
GaAs photodetector or a photomultiplier tube.

All samples had similar layer structures, and were op-
erated at similar current densities. The main difference be-
tween the samples was the presence or absence of a resonant
cavity. Sample A was not placed within a resonant cavity or
waveguide. A DBR was placed underneath the active layer
in Samples B-H to increase the optical path for resonant
normal wave vectors Kz. In Samples A and B, Figs. lc—d
respectively show that wet-etched rough facets preclude the
optical-feedback characteristic of resonant cavities. In the
six Samples C-H, Fig. le shows that RIE facets made pos-
sible a resonant cavity and optical feedback.

3 Results

Solution of the laser rate equations [23, 24] shows three
regimes of behavior. At low injection, spontaneous emission
is indicated [23, 24] as a +1 slope in a log—log plot of optical
emission as a function of current density J (the “L-I" curve).
This indicates that the optical emission is proportional to the
first power of J. At a higher injection, stimulated emission is
observed, and rises much more quickly as J®, where s > 1.
On a log—log plot, stimulated emission shows [3, 4, 23-27]
a superlinear slope s, (s > 1). Typical values of the super-
linear slope s range from 2.5-3.5, for large microdisk lasers
[25, 26] at room-temperature, to 2.9—11, for very small mi-
crodisk lasers [3, 4, 27] at low temperature. This superlinear
growth of the optical emission continues until the photon
number reaches 1/8 [24], where f is the spontaneous emis-
sion coefficient, beyond which the laser output increases lin-
early with J. This linear dependence of the LI curve at high
injection indicates a pinning of the population inversion at
its threshold value. At threshold, the slope of the L-I curve
on a log—log plot has its greatest value [23].

Our evidence for laser action from GaAs deep centers
is summarized here: (1) L-I curves, showing a superlinear
regime at low injection, where the stimulated emission rises
three orders of magnitude with the functional dependence J*,
and a regime linear in J at higher injection, indicating gain-
pinning and laser action. The exponent s in the stimulated-
emission regime is found to be larger for longer optical paths
and higher quality optical confinement. (2) In the single-pass
geometry of Sample B below, laser action is observed for the
longest wavelength total-internal-reflection (TIR) mode of
Fig. 1g. At an injection high enough for laser action in this
TIR mode, the optical emission from lossy modes, such as
the vertical mode of Fig. 1f, is clamped at a constant value.
See Fig. 2a. (3) With a resonant cavity and RIE facets, we
observed a pinning of the carrier distribution among the en-
ergy levels at all injections greater than threshold. Without a
resonant cavity, previous work [5, 6] showed that an increas-
ing injection results in a marked shift in the carrier distrib-
ution, and a rise in shorter wavelength emission. (4) With a
resonant cavity and RIE facets, the dominant mode in the op-
tical emission spectrum (Fig. 3b) is the lossy vertical mode
of Fig. 1f. In order to be dominant, this lossy mode must un-
dergo significant optical gain. A significant gain is another
indicator of laser action.

Sample A was not placed within a resonant cavity or
waveguide. Figure 1 of [5] shows that the single-pass LI
curves from Sample A rise a significant two to three or-
ders of magnitude at every wavelength at a superlinear rate
of J3. This superlinear rise as J3 is the signature of stimu-
lated emission.

We found that the superlinear slope s of the stimulated
emission is larger for longer optical paths. Figure 1d shows
a single-pass measurement from the edge of Sample B.
A bottom DBR was added in Sample B to increase the
optical path for resonant normal wave vectors Kz. Wet-
etched rough facets preclude the optical-feedback charac-
teristic of resonant cavities. Figure 1f shows the “vertical”
waveguide mode, in which the longitudinal wave vector Kx
is nearly zero. This vertical mode is very lossy, because
70% of the power reaching the sample surface is trans-
mitted vertically, and lost from the waveguide. Figure 1g
shows the longest wavelength total-internal-reflection (TIR)
mode. Here, rays from within the semiconductor are inci-
dent upon the sample surface at the critical angle 6¢ for
TIR. Figure 1h shows shorter wavelength TIR modes. Here,
rays from within the semiconductor are incident upon the
sample surface at an angle greater than 6c. These shorter
wavelength modes make fewer passes through the active
region. The vertical mode of Fig. 1f makes the largest
number of passes through the active region, but is quite
lossy.

Figure 2 shows L-I curves measured at room-temperature
in cw mode. Figure 2a shows the single-pass L-I curves
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Fig. 2 (Color online) Room-temperature LI curves measured in cw
mode. a Single-pass optical emission from the same pixel on Sample
B at different wavelengths. With an optical-path length longer than in
Sample A, the stimulated emission at 1.35 pm shows a sharper rise of
the optical emission as J°. At current densities greater than 65 A/cm?,
the optical emission at 1.35 um becomes proportional to the first power
of J, and the longer wavelength (e.g., 1.45 um and 1.55 pum) optical-
emission clamps at a constant value. These two observations indicate
gain pinning and single-pass laser action. b Optical emission at a fixed
wavelength from the six different pixels C—H. Each pixel has been la-
beled by its length L, the measurement A, the threshold current density
(where the log—log plot of LI shows the greatest slope), and the func-

from the same pixel on Sample B at different wavelengths.
With the longer optical path, the stimulated emission at
1.35 um, the longest wavelength for TIR, shows a rise as
J? (which is a much sharper rise than from Sample A). At
J > 65 A/cm?, the optical emission at 1.35 um becomes pro-
portional to the first power of J. At these J, the longer wave-
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tional form J* of the stimulated emission. With the optical feedback
resulting from RIE facets, the stimulated emission is seen to rise even
more sharply as J*, where s is as large as 27. The stimulated emission at
1.54 um from pixel F is seen to rise a significant three orders of magni-
tude as J'!, beyond which the optical emission quickly becomes linear
in J. The latter indicates gain pinning and laser action. ¢ The constant
vertical separation of the L-I curves at different wavelengths from the
same pixel (here, pixel D and F) indicates that the optical emission has
the same spectral shape for all indicated J. The latter indicates a pin-
ning of the carrier distribution among the energy levels for all indicated
J through the same pixel

length optical emission (e.g., at 1.45 um for the lossy verti-
cal mode of Fig. 1f, and also at 1.55 ym) clamps at a con-
stant value. These two observations indicate gain pinning
and single-pass laser action from Sample B. Wavelengths
shorter than 1.35 pm also show stimulated emission and cor-
respond to the modes in Fig. 1h.
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Fig. 3 (Color online) Room-temperature spectra. a Optical-emission
spectra from Sample B. Each spectrum is labeled with the current den-
sity. After correcting for the spectrometer resolution, the width of the
spectral peak was 12 nm at 103 A/cm?. b Optical-emission spectra
from Sample F at 17 A/cm?. After correcting for the spectrometer res-
olution, the width of the spectral peak was 12 nm. (Since the vertical
mode of Fig. 1f is quite lossy and has a low Q, the Fabry-Perot modes
in Fig. 3b would show significant spectral overlap, and thus could not
be individually resolved.) The inset shows that the peak at 1.54 pm is
TE polarized. The labels F and G in Fig. 3a—b correspond to the modes

In the six Samples C-H, RIE facets made possible a res-
onant cavity and optical feedback. See Fig. le. Figure 2b
shows the L-I curves from the six pixels C—H. Each pixel
has been labeled by its length L, the measurement wave-
length A, the threshold current density (where the log—log
plot of LI has its greatest slope), and the functional form
J* of the stimulated emission. With the optical feedback re-
sulting from RIE facets, the stimulated emission is seen to
rise even more sharply as J¥, where s is as large as 27.

shown in Fig. 1f and g, respectively. Pixels C-H all showed that the
low-loss total-internal-reflection mode, labeled G in Fig. 3b, is sup-
pressed, while the lossy vertical mode, labeled F in Fig. 3b, dominates
the spectra as a narrow peak. The latter signifies that enough material
gain exists to overcome the large loss incurred by the vertical mode
with each trip to the sample surface. This large gain, which is needed
to overcome the large loss, is another indicator of laser action. Since
the vertical mode makes far more passes through the active layer than
any of the total-internal-reflection modes (compare Figs. 1f, g, h), the
lossy vertical mode acquires a higher net gain, and dominates Fig. 3b

The stimulated emission at 1.54 um from pixel F is seen
to rise a significant three orders of magnitude as J'!, be-
yond which the optical emission quickly becomes linear in
J. The latter indicates gain pinning and laser action. Pix-
els F, G, H all show gain pinning by 6 A/cm?. The thresh-
old is less than 2 A/cm?. Pixels C and E show an “S-
shaped” L-I curve, which indicates a transition from spon-
taneous emission, to stimulated emission, towards laser ac-
tion.
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Figure 3 shows the measured room-temperature spec-
tra. Figure 3a shows the spectra from Sample B at the in-
dicated J. Figure 3b shows the spectra from Sample F at
17 A/cm?. The inset shows that the peak at 1.54 um is TE
polarized.

We would expect that the spectral peaks in Figs. 3a-b
correspond to the longest wavelength TIR mode of Fig. 1g,
rather than the lossy vertical mode of Fig. 1f. (The labels F
and G in Fig. 3 correspond to the modes shown in Fig. 1f and
1g, respectively.) Certainly, the single-pass measurement of
Sample B in Fig. 3a indeed shows its spectral peak G at
the longest wavelength TIR mode. In conventional lasers,
the vertical mode of Fig. 1f never shows laser action unless
both a top and bottom DBR are present. Without a top DBR,
the vertical mode of Fig. 1f suffers a 70% transmission loss
with every reflection at the sample surface. Thus, in the six
pixels C-H, it is very significant that the lossy vertical mode
dominates Fig. 3b as the narrow spectral peak F, while the
low-loss TIR mode, labeled G in Fig. 3b, is suppressed. The
latter signifies that enough material gain exists to overcome
the large loss incurred by the vertical mode with each trip
to the sample surface. This large gain, which is needed to
overcome the large loss, is another indicator of laser action.
Since the vertical mode makes far more passes through the
active layer than any of the TIR modes (compare Figs. 1f,
g, h), the lossy vertical mode acquires a higher net gain, and
dominates Fig. 3b. Since the vertical mode of Fig. 1f is quite
lossy and has a low Q, the Fabry-Perot modes in Fig. 3b
would show significant spectral overlap, and thus could not
be individually resolved.

We have observed that the lossy vertical mode of Fig. 1f
(“F” in Fig. 3b) has sufficient single-pass gain to overcome
the 70% transmission loss with every reflection at the sam-
ple surface. This implies that shorter wavelength TIR modes
(e.g., Figs. 1g-h) also show net gain in a single-pass because
TIR modes suffer no transmission loss at the sample surface.
Gain (and laser action) is then observed over a wide wave-
length range.! Indeed, at every wavelength between 1.2 um
and 1.6 um, the L-I curves from pixel D (and pixel F) in
Fig. 2c all show stimulated-emission regimes, followed by
gain pinning and laser action. A consequence of the optical-
resonator is thus to reduce the threshold at all wavelengths
between 1.2 pm and 1.6 um.

Figures. 2a, 3a, and Fig. 2 of [5] show that, in a single-
pass through Samples A and B, the optical emission at

Inhomogeneously broadened quantum dot transitions, which show
photoluminescence over a 82 nm FWHM, will then exhibit laser action
over a broad 40 nm wavelength range [28-30]. The literature [28-30]
shows that when the homogeneous broadening is less than the inhomo-
geneous broadening, the ensemble of quantum-dots acts as an array of
independent lasers. In such cases, individual Fabry-Perot modes cannot
be observed.
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shorter wavelengths increases with increasing injection.”

This shift to shorter wavelengths of the optical emission
with increasing injection was also reported in [6]. This in-
dicates that the carrier population shifts among the energy
levels with higher injection. In contrast, when an optical res-
onator is added, the spectra radiated by the six pixels C-H
all had the same shape (shown in Fig. 3b) at all current den-
sities measured. (This is indicated by the constant vertical
separation of the curves at different wavelengths from the
same pixel in Fig. 2c.) Thus, in the presence of an optical
resonator, the carrier population has the same distribution
among the energy levels for all injection currents shown in
Fig. 2c (see footnote 2). This striking observation indicates
that, even though the photon number is rising sharply, the
carrier distribution among the energy levels is pinned. This
is another indicator of laser action.

4 Conclusion

We have demonstrated the first GaAs deep-center laser.
Electrically-pumped broad-area lasers exhibited a threshold
of less than 2 A/cm? in cw mode at room-temperature at the
1.54 pm wavelength. In Sample B having wet-etched facets,
the longest wavelength TIR mode (Fig. 1g) shows a super-
linear L-I curve at low injection, and a linear regime in the
L—I curve at higher injection. At injections high enough for
laser action in this TIR mode, the longer wavelength optical
emission is clamped at a constant value. Both observations
indicate single-pass laser action and gain pinning. With a
resonant cavity and RIE facets, the stimulated emission from
pixel F rises a significant three orders of magnitude as J'!
with a threshold less than 2 A/cm?. With a resonant cavity
and RIE facets, Pixels C-H all show a pinning of the carrier
distribution among the energy levels at all injections greater
than threshold. (Without a resonant cavity, previous work
[5, 6] showed that an increasing injection results in a marked
shift in the carrier distribution, and a rise in shorter wave-
length emission.) With a resonant cavity and RIE facets, the
dominant mode in the optical emission spectrum (Fig. 3b)
is the lossy vertical mode of Fig. 1f. In order to be domi-
nant, this lossy mode must undergo significant optical gain.
A significant gain is another indicator of laser action.

2The shift to shorter wavelengths of the optical emission with increas-
ing injection was also reported in Fig. 4 of [6] for a sample fabricated
without a waveguide or optical resonator. For a one decade increase in
the injection, from 2 Alem? to 20 A/em?, the optical emission from
Sample A, which has no optical resonator, also shows a dramatic shift
from a peak centered at 1.58 pum to a peak centered at 1.27 pm. This
is shown in Fig. 2 of [5]. For a similar increase in the injection, from
2 Alem? to 17 Alem?, the optical emission from Sample F (which does
have an optical resonator) shows no change in the spectral shape. This
is indicated by the constant vertical separation of the curves at different
wavelengths from the same pixel in Fig. 2c.
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