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Optical In-Well Pumping of a Semiconductor
Disk Laser With High Optical Efficiency

Svent-Simon Beyertt, Martin Zorn, Thomas Kiibler, Hans Wenzel, Markus Weyers, Adolf Giesen, Giinther Trénkle,
and Uwe Brauch

Abstract—Optical in-well pumping is shown to lead to highly ef-
ficient operation of semiconductor disk-lasers using resonant ab-
sorption or using external optics. Pump radiation absorption of
70% at 940 nm is demonstrated for a laser emitting around 980 nm.
Laser output power was 1.9 W with slope efficiencies up to 35%
based on the incident power.

Index Terms—InGaAs, optical pumping, quantum well, semi-
conductor disk laser, vertical external-cavity surface-emitting
laser (VCSEL).

I. INTRODUCTION

HE OUTPUT power of a single-mode vertical-cavity

surface-emitting laser (VCSEL) is limited to some milli-
watts. To further increase the output power the active area has
to be enlarged which leads to disadvantages like multimode
behavior as well as to problems using electrical pumping.
To avoid multimode behavior an external cavity can be used
instead of the top Bragg mirror, as it is demonstrated in the
Novalux extended cavity surface emitting laser (NECSEL).
However, homogeneous electrical pumping is still a challenge
limiting the fundamental-mode output power of such a device
to below 1 W [1], [2]. To get around this, optical pumping
can be applied, leading to the so called vertical external cavity
surface emitting laser (VECSEL), optically pumped semicon-
ductor laser (OPSL) or semiconductor thin-disk laser. However,
the absorption in the multi-quantum wells (QWs) forming
the active region of usual semiconductor disk-lasers is very
low. Therefore, Mooradian et al. used the barriers surrounding
the QW as absorption layers [3], thus decoupling the pump
radiation absorption from the QW absorption. This leads to rel-
atively low spectral requirements for the pump diodes, because
their wavelength only has to be shorter than the corresponding
barrier material bandgap. Since the difference in the bandgaps
of the QWs and the adjacent layers need to be sufficiently large,
the minimal distance of pump wavelength to lasing wavelength
is rather high, setting a lower limit for the quantum defect to
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typically 20%. In addition, for lasers emitting at shorter wave-
lengths it may be a problem to find appropriate pump lasers.

As we have reported previously [4], [5], for high quality ma-
terials, the quantum defect seems to have the biggest influence
on the heat generated in the device. Therefore, minimizing the
quantum defect is highly desirable, and can be done by direct
optical pumping of the QWs [6]. This lead to the first demon-
stration of a continuous-wave (CW) semiconductor disk laser
emitting 185 mW at 660 nm using the InGaAlP system [7]-[9].
Additionally, in-well pumping has been reported using GaAs
QWs [10]. Within those experiments the pump light absorp-
tion was estimated to be 14%. To increase the absorption two
methods can be applied. At first, a special optics can be used to
realize multiple pump-beam passes through the semiconductor
as in the solid-state disk lasers [11]. Second, one can use the
cavity modes inside the structure, which arise from the sub-
cavity formed by the air-semiconductor interface and the Bragg
mirror, to enhance the absorption. Doing so, however, enhances
the demand on the epitaxial process and on the pump diodes
used, as now the pump wavelength has to coincide with one of
the cavity resonances. The tolerances can be somewhat lowered
if a combination of both methods is used.

II. THEORETICAL BACKGROUND
A. Gain Medium

The principle of a semiconductor thin-disk laser is depicted
in Fig. 1, with the details of the semiconductor structure being
given in Fig. 2. In the simplest case—neglecting the pump
source—it comprises two components only: an active mirror
and a separate out-coupling mirror. The semiconductor active
mirror is composed of a highly reflective Bragg mirror (DBR)
followed by a stack of QW layers separated by spacer layers. A
window layer on top of the chip prevents nonradiative surface
recombination and surface oxidation. For optimal heat removal
the active mirror is soldered directly with its Bragg side onto a
heat sink.

B. Laser Equations

A simple rate-equation approach (1) is used to model the laser
behavior neglecting all radial dependencies. Arbitrary but fixed
laser wavelengths allow to compare the laser properties for dif-
ferent laser modes

dactive n
N, — int W —¢c. —/——. o .y —
" Tint ¢ Lres ﬂ(n) b Ttot (’fl)
. dactive ( ) + /3 (1)
= — - gegg(n) —
P Lres Jeft Tcav P Trad(n)

0018-9197/$20.00 © 2005 IEEE



1440

pump radiation
solder

laser beam

heat sink
out-coupling mirror

thin disk pump radiation

Fig. 1. Principle of the semiconductor thin-disk laser. The semiconductor
structure (details shown in Fig. 2) is soldered onto a heat sink. The laser
resonator is formed by the backside Bragg mirror and an external mirror. Pump
radiation is focused quasi-longitudinally onto the disk.
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Fig. 2. Standard semiconductor structure consists of a MQW region grown on

top of a distributed Bragg reflector (DBR). The QWs are separated by half of
the design wavelength 980 nm. On top of the MQW a window layer (WL) is
grown to prevent oxidation and non radiative recombination.

where n is here the charge carrier density, p the laser photon
density, and W is the pump photon density given by W =
Pabs - (- Vpump - Apump)*l, with A - vpump being the pump
photon energy and A,ump the pump area. c is the speed of light,
dactive the total thickness of the active area and L,.s the total
length of the resonator. gog(n) represents the effective gain of
the material including standing-wave or cavity effects, which
will be discussed in the following chapter. 7y,4(n) represents
the carrier lifetime for radiative transitions, ¢+ (n) the total car-
rier lifetime (radiative and nonradiative), 7.,y the cavity lifetime
and ( the spontaneous emission factor (fraction of spontaneous
emission emitted into the laser mode). The total carrier lifetime
is assumed to be given by 7} = Tr_arli + Tgulger, with the Auger
lifetime being given by T;jger = C'-n?. For our calculations an
Auger coefficient C of 6 - 10730 cm® - s~ has been used, which
is in the range of values published for GaAs and InGaAs [12],
[13]. Impurity recombination, primarily relevant at low carrier
densities, has been neglected.

An intrinsic efficiency 7;,¢ has been introduced taking into
account that not every absorbed pump photon may generate a
useful electron—hole pair. The intrinsic efficiency 7, equally
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increases the lasing threshold and reduces the differential effi-
ciency. Another apparent reduction in differential efficiency is
introduced if the pump area Apmj, is larger than the laser-mode
area Apoqe- This defines the geometrical efficiency which can
be approximated by 7geo & Apump/Amode assuming a homo-
geneous distribution of the carriers over the pumped area. De-
creasing Apmode relative to Apump decreases the differential ef-
ficiency but leaves the threshold density unchanged.

The differential quantum efficiency 7q4;¢ for small out-cou-
pling values T is then given by

T /\pump

_— 2
T+L )\laser ( )

Tidiff = Tlgeo * Tabs * Tlint *
with L being the internal resonator loss, 7,15 the absorption
efficiency and Ajaser / Apump the laser/pump wavelength, respec-
tively. The heating of the device is included assuming a temper-
ature rise proportional to the absorbed pump power. For each
temperature and value of total loss (7'+ L) the lasing wavelength
leading to the maximum achievable output power is chosen.
These wavelengths are subsequently used to calculate the whole
temperature dependent output curve for a given heat sink tem-
perature and out-coupling value.

Absorption, gain and photoluminescence (PL) spectra as well
as the radiative lifetimes of the 8-nm InGaAs QWs used in the
laser experiments have been calculated for various carrier den-
sities n and temperatures 7" using a 8 X 8 k - p band model as
described in [14]. Although many-body effects were neglected
(except for phenomenological corrections for the gain spectral
broadening and for the bandgap renormalization) good agree-
ment with measurements was achieved [15].

C. T Factors

Inside the semiconductor a standing wave pattern of the
electrical field exists originating from the external resonator
and the additional intracavity Fabry-Pérot etalon given by the
air-semiconductor interface and the Bragg mirror. Traditionally,
standing-wave effects in VECSELs have been considered for
the laser field only. There was no need to do so for the pump
radiation when highly absorbing barrier layers were present.
To take advantage of the standing waves, the QWs have to
be placed at the antinodes of the standing wave pattern with
a separation of Ap,ser/2 (see Fig. 2), which is usually called
a resonant periodic gain (RPG) arrangement. In this way the
intensity at the QWs is enhanced by the factor 'rpg = 2
compared to the average intensity. The intensity is further
enhanced by the internal cavity. Typically its length is carefully
adjusted to the laser wavelength leading to a field intensity
enhanced by the factor I, determined by the reflectance of
the mirrors forming the cavity and the absorption within that
cavity. Together this results in an overall gain enhancement by
a factor of I'gpg - 'cav at the laser wavelength, with typical
enhancement values of seven times the intrinsic gain. The
effective gain of the structure can then be written as

geﬁ'(Ay Ol) = FRPG(/\7 CM) - Pcav(/\a Ol) : (]0(/\) (3)

with go(A) being the intrinsic gain of the QWs (i. e., without
cavity) calculated from k - p theory.
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The situation becomes more complex in the case of resonant
absorption, where I'rpg and T, are to be optimized for both
the pump and laser fields. To accomplish this, the laser has to
be designed so that the antinodes of both the laser radiation and
the pump radiation lie at the locations of the QWs. Because
the periodicity of the standing wave pattern along the cavity
axes is given by Asw(a’,\) = A/cos(a’) the antinodes of
the two fields can be brought into alignment by adjusting the
internal angle of incidence o of the pump radiation Apyump.
Therefore, if the structure is resonant for the laser field at
normal incidence, to bring the pump in resonance requires
)\SV\’(007 )\laser) = )\svv(a/, )\pump), leading to

)\pump - )\laser - COS(OJ’). (4)

This leads to enhanced absorption as well as to enhanced gain.
When calculating o, one has to take into account that the corre-
sponding external angle « is much larger due to a typical refrac-
tive index of 3.5. For resonant pumping the bleaching of the ab-
sorption limits the minimal difference between pump and laser
wavelength. A difference of —30 nm already requires an ex-
ternal angle v of 70° and thus this approach requires a pump
beam with good quality in the plane of incidence. A positive
side effect of the large angles involved is the increased Fresnel
reflectance for the s polarization and with that the increased )
of the internal resonator. This leads to a higher field enhance-
ment inside the cavity which further enhances the absorption on
resonance (in our example with 13 QWs to a remarkable 90%
at low pump-power densities).

Unfortunately, the highly divergent, unpolarized and spec-
trally broad beam of a typical fiber-coupled diode-array pump
source neither allows for such large pump angles (4) nor does
it allow to use a narrow resonance. Therefore, a different res-
onance for pumping and lasing has to be used, and one has to
determine the dependence of field intensity |E|? at the QW po-
sitions on the angle of incidence as well as on the wavelength.
The spectral position of the cavity modes as well as the position
of the I'rpg maxima for different angles of incidence is easily
calculated using (4). However, the amplitude of the cavity res-
onances strongly depends on the amount of surface reflectance,
given by the Fresnel formula, and thus depends on polarization
state and angle of incidence.

Fig. 3 shows the calculated T'(\) functions for a standard
active-region design with 12 QWs positioned at the antinodes
of the laser field (for a wavelength of 980 nm). The electrical-
field distribution has been calculated using a commercial mul-
tilayer-mirror design program (Spektrum, LZH Hanover). For
simplicity the active area is considered to be lossless leading
to a constant amplitude of the standing wave inside the struc-
ture. In this approximation [,y is given by n|E|(no| Eo|?) ™",
with n being the refractive index inside, ng the one in front of
the structure, and £ (FEjy) the corresponding field amplitudes.
Irpg(A) is then given by [16]

| 1E@z) d=
r _ Lcav , active (5)
PG da(‘,tive f |E(Z) |2 dz
cavity

with L.,y being the thickness of the internal cavity.
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Fig.3. TI'rpc (solid)and I'.,, (dashed) factor calculated for of a structure with
12 RPG periods and a cavity length of 25 A /4 optimized for A = 980 nm using
the Spektrum software. The cavity mode spacing is smaller than the spacing
between the maxima of I'gpg resulting in nonideal pump absorption for the
cavity mode at 914 nm.

As can be seen in Fig. 3, T'cav () repeats its maximum at the
next cavity mode(s) with an amplitude depending on the cavity
Q factor at that wavelength. Within the Bragg-mirror stopband
I'rpc(A) possesses only one maximum at 980 nm since at all
other wavelengths there are some antinodes that are away from
the corresponding QW.

However, having selected one of the cavity resonances for
pumping, I'rpg is easily optimized by moving those QWs that
would be close to a field minimum of the pump radiation to
positions with still good overlap for both laser and pump field.
Keeping the cavity thickness constant (I'.,, unchanged) this can
be done by using more than one QW per antinode or by reducing
the overall number of QWs.

D. Temperature Effects

For an optimum operation of the device at a given laser wave-
length Ajser, the intrinsic gain go as well as I'gpg and Teqy
should reach their maximal values at the working point, defined
by the pump power (density), output coupling, and device tem-
perature. Since the intrinsic gain on the one hand and the RPG
and cavity resonances on the other hand possess different tem-
perature coefficients of roughly 0.3 and 0.1 nm/K, respectively,
the device can be designed for one working point only with a
usually sharp roll-over at higher pump powers due to the de-
creased effective gain. In contrast to spacer pumping the absorp-
tion is additionally reduced at elevated temperatures because of
the detuning between cavity mode used for resonant pumping
and pump laser wavelength. This makes it necessary to adjust
the pump wavelength to the pump resonance position for the
given working point. With antireflective (AR) coating for the
lasing wavelength, the thermal roll-over should be smoother as
the laser is not bound to the cavity resonance, and can, therefore,
tune more freely to the intrinsic gain maximum. However, for
resonant absorption to be still effective the surface reflectance
for the pump radiation should remain at values higher than 30%
making multilayer dielectric coatings necessary.
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E. Photoluminescence (PL)

The gain of the QWs normal to the surface is quite small
and it is, therefore, difficult to be measured precisely. In order
to verify the calculated gain curves on which the entire laser
modeling relies, a loophole is to measure the PL instead and
compare this to the calculated PL. Considering the spontaneous
emission as being stimulated by the vacuum field which is mod-
ified by the cavity, it is clear that basically the same consider-
ations concerning the cavity effects apply as for the stimulated
emission/absorption. This has already been noticed by Purcell
in 1946 [17]: The spontaneous radiative transition rate along the
optical axis of a cavity is changed if the density of optical modes
p(v) is altered from its value of 2n /¢ for a homogeneous one-di-
mensional medium [18]. The photo emission from the cavity is,
therefore, given by

IQV\/(/\,O[) 0.8 FRpg(/\, a) . Pcav(/\, a) . |WP(/\, a)| (6)

with WP (A, @) being the intrinsic emission profile of the QWs,
i.e., the spectrum of the radiation emitted from the QW in the
absence of the cavity. The width of the cavity resonances is
typically much smaller than the width of WP (), &), leading
to strong emission lines at the cavity-resonance wavelengths.
Using the angular or temperature shift of the cavity reso-
nances, the resonance can be swept across the emission profile
WP (A, a). When determining the intrinsic emission from such
measurements one has to take into account the angular depen-
dence of I'..,, and 'gpq as well as the angular and temperature
dependence of the intrinsic emission. To circumvent this, the
intrinsic emission could be alternatively determined from AR
coated samples or from the PL emitted from the edges of the
sample.

III. EXPERIMENTAL RESULTS
A. Sample Preparation

The semiconductor structures were grown by metal—-organic
vapor-phase epitaxy (MOVPE) in an Aixtron AIX 200/4 re-
actor on 2-in GaAs (100) substrates misoriented 2° toward the
nearest (1-10) plane [19]. They consist of a buffer with an etch-
stop layer, an active region and a binary AlAs—GaAs 25 pe-
riod Bragg mirror with its stopband centered at 980 nm. Since
the structures are designed as bottom emitters, the active region
has to be grown before the Bragg mirror. After the GaAs buffer
layer an InGaP etch-stop layer is grown to allow for later sub-
strate removal. Then 13 Ing.15Gag.g5As single QWs (SQWs)
with 8 nm thickness for emission at 980 nm (bandgap at 1.26 eV)
are placed in the antinodes of the electrical field at 980-nm emis-
sion perpendicular to the layer. They are surrounded by compo-
sitionally graded Al,Ga;_,As barriers with x increasing from
0% to 20% (bandgap from 1.424 eV to 1.673 eV) which include
strain compensation by Aly 2Gag gAsg.gPo.2. All layers are un-
doped to minimize absorption losses. A standard metallization
is then evaporated onto the epi-side of the wafers to allow for
soldering. After that they are sawn into 2 x 2 mm? chips which
are then soldered onto CuW heat spreaders using Au—Sn hard
solder [20]. The chips are then glued to a glass carrier and the
substrate is etched off wet-chemically. The InGaP etch-stop pro-
vides a smooth surface of the remaining semiconductor film of
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Fig. 4. Measured reflectance (left ordinate) and PL spectra (right ordinate) for
different angles at a heat-sink temperature of 20 °C. The Bragg mirror stopband
shows a break-in due to the enhanced absorption on resonance. The same cavity
resonance also affects the PL emitted into that angle. Increasing the measuring
angle shifts the resonances as well as the stopband to shorter wavelengths.

only 6 um thickness. After substrate removal the submounts are
removed from the glass carrier and soldered to a copper plate.

B. Spectroscopy

1) Experimental Setup: The reflectance spectra were
recorded using a halogen lamp with the pin-hole in front of
the lamp imaged onto the sample to give a spot size of ap-
proximately 500 pm. The reflected radiation is then imaged
onto the multimode fiber of a CCD spectrometer (StellarNET,
EPP2000, 800-1200 nm, 0.8 nm resolution). An aperture limits
the numerical aperture (NA) on the sample to 0.05 to provide
high angular resolution. For geometrical reasons the smallest
reflection angle that can be measured is 10°. The reference
spectrum is recorded in an 180° arrangement with the sample
holder removed. Due to variations in the coupling efficiency of
the light into the spectrometer fiber, the absolute value of the
measured reflectance has an error of approximately 5%. For PL
measurements the light of the halogen lamp is blocked and the
5-mW 780-nm radiation from a small diode laser is focused at
an angle of 45° onto the same spot instead. In both cases the
sample temperature is controlled using a thermo-electric cooler
(TEC).

2) Experimental Results: The reflectance spectra of the
uncoated sample recorded for different angles of incidence
a (Fig. 4) allow to determine position and strength of the
resonances for pumping and lasing as well as the position of
the Bragg mirror. For 10° two dips at 990 and 940 nm corre-
sponding to two cavity modes within the Bragg-mirror stopband
(920-1030 nm) can be seen. With increasing «, the stopband
as well as the resonances, move to shorter wavelengths. As ex-
pected, the same resonances can be seen in the PL spectra (also
shown in Fig. 4). Changing the heat sink temperature allows to
analyze the temperature shifts. Both, the cavity resonances and
the Bragg mirror stopband shift with 0.07 nm/K.

3) T Factors: For modeling the real I' functions have to be
known. Comparing the measured reflectance spectra with the
spectra calculated with the nominal layer design data (software:
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Fig. 5. Trpce and T'.,, factors of the laser sample for normal incidence

together with the product of both calculated using the Spektrum software.
The nominal layer-design data have been slightly modified to fit the calculated
to the measured reflectance spectra (Fig. 4).

Spektrum, data base: SOPRA) allows to fine-adjust the thick-
ness of the etch-stop, spacer and the Bragg layers to match the
position of the reflection peaks and to calibrate the transition
strength of the QW absorption. The best fit could be achieved
with an RPG period of 995 nm, a Bragg period of 980 nm,
and a thinner than designed etch-stop layer which varied on the
samples from the center to the edges. Assuming a small wave-
length-independent absorption aiest for the QWs and using the
actual layer composition of the sample the I" functions can be
easily calculated. This could be done because the cavity is far
from being impedance matched—which would be the case for
VR1 = Ry - Vg with V = exp(—aoL)—and, therefore, the
I" factors are approximately independent of the intrinsic gain
or absorption. Then the effective gain of the structure can be
written as given in (3).

This is correct as long as all QWs experience the same field,
e.g., if they are perfectly matched to the standing wave, forming
an ideal RPG structure. In all other cases one gets only an
averaged value for gain and absorption. The so calculated I'
functions (near the sample center, used for diode pumping) are
shown in Fig. 5. The cavity resonance at 990 nm matches nicely
the RPG resonance, resulting in a combined I" factor of almost
7 at 990 nm. In order to verify the spectral position of the
(calculated) transition as well as the I factors determined from
the reflectance spectra, the calculated (intrinsic) PL spectra (at
low carrier density; maximum near 980 nm) are multiplied by
the combined I" factor of Fig. 5. The resulting cavity-enhanced
PL together with the measured PL is shown in Fig. 6 for
observation angles of 10° and 40° with the calculated intrinsic
PL also shown for comparison. At the resonance positions the
agreement is quite satisfactory while the observed off-reso-
nance suppression of the PL is not as strong as calculated.

It is evident that even for large pump angles (70°) the
angle-shifted laser resonance can only be used for pumping
near the edges of the sample where the resonance is shifted from
960 to 940 nm at 70° (corresponding to a resonance position of
972 nm at normal incidence). Only then, the distance to the PL
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Fig. 6. Calculated PL spectra for 10° and 40° (dashed lines) using the I
factors of Fig. 5 and the calculated intrinsic PL (solid, bold line). Also shown is
the corresponding measured PL (solid line).

TABLE 1
DETAILS OF THE THREE PUMP SETUPS USED IN THE EXPERIMENTS

set-up #1 #2 #3
pump laser Ti:sapph. Diode Diode
wavelength (nm) 780-940 800 938
power (W) 3 20 17
pump spot (um) 100-150 250-300 300
reimaging 1x 0x 11x
pump angle (°) 70 30 28
NA 0.05 0.15 0.15
polarization s none none

maximum is sufficiently large to get an effective absorption of
the pump radiation under lasing conditions. With s polarized
pump radiation a combined I" factor of 13 can be expected. For
diode pumping, where such large pump angles are not feasible,
the next cavity resonance has to be used. Unfortunately, this
is positioned near a minimum of I'gpg, reducing the com-
bined I' factor to below 3 on resonance. Additionally, for our
experiments where the angle of incidence is fixed at 30° the
pump-diode wavelength of 940 nm is off by 10 nm from the
cavity resonance, further reducing the possible I' factor from
3 to below 1.

C. Laser Performance

1) Experimental Setup: For the laser experiments approx-
imately semiconcentric resonators with mirror radii of 50 or
150 mm were used. The resonator length was adjusted to give
the maximum possible output power leading to multimode emis-
sion of the samples. Three different setups for pumping have
been used (details are listed in Table I). The Ti:sapphire pump
laser allows for fitting the pump wavelength to the resonance
structure and to directly compare spacer and QW pumping. To
increase the absorption efficiency the pump radiation is reim-
aged once onto the pump spot. Fiber-coupled diode laser arrays
are used for high-power spacer and QW pumping.

For spacer pumping a fiber coupled diode-laser array emit-
ting 20 W at 800 nm from a 200-um NA-0.2 fiber was used.
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The fiber end was imaged onto the sample with a magnifica-
tion factor of 1.4 at an angle of incidence of 30°, resulting in
an elliptical pump spot of 307 pm X 275 pm [full-width at
half-maximum (FWHM) of a super Gaussian power-density dis-
tribution]. For QW pumping, a diode-laser array emitting 17 W
at 938 nm from a similar fiber was used. With the high-NA
pump beam only pump angles between 30° and 50° can be ap-
plied, which prevents to fit the pump angle to a strong resonance
as in the case of Ti:sapphire pumping. To compensate for the
relatively small single-pass absorption a multi-pass pump op-
tics (originally designed for an Yb: YAG thin-disk laser) was
used. Here, various segments of a parabolic mirror are applied to
image the fiber end 12 times along various planes of incidence
onto the sample. To reach a pump spot of 300 pm, the beam
had a relatively large cross section resulting in high transmission
losses of the multi-pass optics of 30%—40% with a high-reflec-
tive (HR) mirror replacing the sample. The beam transforming
optics had a transmission of only 70% resulting in about 12 W
of pump power entering the multi-pass pump optic. This is not
a principal problem, but it increases the uncertainty in the ab-
sorbed-pump-power measurement when using the multi-pass
optics. For all experiments the incident, the reflected and the
laser output power were recorded simultaneously. From this,
the power deposited within the sample was calculated. For the
QW pumped case the DBR has still a high reflectance ensuring
that all absorbed power is absorbed within the QWs. For spacer
pumping approximately 15% of the absorbed pump power is
lost into the DBR making it necessary to correct the measured
absorbed power by that factor. For every data point a PL spectra
was recorded giving the possibility to analyze the spectral shift
of the resonances as well as the laser wavelength with its ab-
sorbed power. Together with the spectral shift of the cavity res-
onances as function of temperature, this gives a measure of ac-
tive-region temperature.

2) Ti:sapphire Pumped: The high beam quality of the
Ti:sapphire laser has several advantages over diode-array
pumping despite its limited output power: Pump spots with
diameters of 100 ym and smaller are possible, allowing high
pump-power densities and improved cooling efficiency due
to a more pronounced three-dimensional (3-D) heat flux. The
low-divergent, polarized beam allows to use large angles of
incidence and s polarization to maximize the resonant absorp-
tion. In addition, the laser can be tuned to match exactly one
of the resonances for QW pumping or alternatively to match
the absorption band of the spacer layers for spacer pumping to
directly compare the respective laser efficiencies.

Fig. 7 shows the output powers versus the absorbed pump
powers for spacer and QW pumping, respectively, for different
output couplings. The position of the pump spot—near one of
the edges—has been optimized for QW pumping into the laser
resonance at 940 nm. The same pump spot was later used for
QW pumping at 892 nm (which corresponds to the next cavity
resonance) and for spacer pumping at 800 nm. Increasing the
out-coupling from 0.8% to 2.8% only slightly increases the
slope, indicating that the resonator losses are of the order of
0.2%. The slope of 48% for 2.8% out-coupling and 940 nm
QW pumping is almost twice as high as for spacer pumping
(27%), the threshold is 30% lower, which is slightly more than
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the PL signal saturates at higher pump powers due to the onset of nonlinear
effects.

what is expected from the reduced quantum defect (—15%)
alone. Although spacer pumped the spontaneous emission is
somewhat enhanced below 900 nm, the integrated spontaneous
emission during laser operation is only 10% stronger. This is
mainly due to the higher spacer-pumped threshold (Fig. 8). The
output characteristics for 892-nm QW pumping (slope 24%
for 0.8% out-coupling) are more like those for 800 nm spacer
pumping than those for 940 nm QW pumping. Common to
the 892- and 800-nm pumping cases are the inhomogeneously
pumped QWs. The former due to the misfit of the RPG pe-
riod, the latter due to Lambert—Beer’s law, both leading to an
increase in threshold [21].

Without lasing (the resonator being blocked) one would ex-
pect the integrated PL to increase linearly with the absorbed
pump power. Experimentally one finds a strongly reduced slope
for pump powers twice or triple the threshold pump power
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absorption “clamps” at the value defined by the threshold density of the QWs.

(Fig. 8), i.e., increased nonradiative transitions like Auger
recombination occurs. When lasing the PL should be clamped
at its threshold value, experimentally, however, it still increases
with a reduced slope. This is a result of the imperfect overlap
between pump and laser mode and an increasing threshold
with pump power and, hence, device temperature. Only the PL
emitted out of the laser mode area should be clamped at its
threshold value, whereas the PL emitted out of the remaining
pumped area will increase like in the non-lasing case. To-
gether this gives a reduced slope for the integrated PL above
lasing threshold and thus a measure for the possible amount
of misfit 7ge, between pump and laser mode. This is also
consistent with a slight decrease of the pump absorption above
threshold which is otherwise nicely clamped at its threshold
value (Fig. 9). Reimaging the pump radiation once gives an
absorption efficiency of 65%-70% with 0.8% out-coupling,
decreasing to 55%-50% with 5.7% out-coupling, making the
0.8-% out-coupler the better choice in terms of overall laser
efficiency. Without lasing the absorption at 940 nm decreases
with 25% /(kW/cm?), indicating a transparency density of
4 kW/cm? at the pump wavelength. The nonlinearity for higher
pump power densities may be attributed to Auger recombina-
tion or additional absorption which does not contribute to the
carrier density—either in the pump optics or in the sample.

3) Diode-Laser Pumped: Diode pumping allows for the in-
crease of absorbed pump power approximately fivefold at con-
stant pump power density. Due to the increased pump spot size
the cooling is now less effective because of the reduced 3-D
heat-spreading effect. The output power as function of the ab-
sorbed pump power is shown in Fig. 10(a) for both QW and
spacer pumping. The corresponding power densities are shown
in Fig. 10(b), together with the 940-nm pumped Ti:sapphire re-
sults for comparison. For an out-coupling of 2.7% a slope effi-
ciency of 35% for in-well pumping and 30% for spacer pumping
is achieved. This compares nicely to the in-well pumped Ti:sap-
phire results of 24% (892 nm) and 48% (940 nm), taking into
account that the I'rpg factor for 937 nm and 30° is about half
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Calculated P,,, versus P, curves for different out-coupling values (lines without symbols) shown together with the experimental ones obtained using

in-well pumping at 940 nm using the Ti:sapphire pump laser setup #1 (lines with symbols).

way between the values for the 892 nm and the 940 nm Ti:sap-
phire pumped results. As can be seen in Fig. 10(b) the lasing
threshold of QW and spacer pumping are similar and also com-
parable to the corresponding Ti:sapphire results. New, however,
is the strong thermal roll-over of the high-power spacer-pumped
output at absorbed pump powers of 5-7 W (4-5 kW/cm?). Mea-
suring the power dependent shift of the resonance lines (visible
within the PL spectra) together with the corresponding temper-
ature coefficient of 0.07 nm/K for the resonances gives an in-
crease of the temperature of 11 K/Watt of absorbed pump power
for spacer pumping. For QW pumping the increase in tempera-
ture due to pumping is measured to be 8§ K/W.

4) Laser Modeling: As mentioned above, the calculated ma-
terial gain/absorption spectra for various carrier densities and
temperatures together with the spectroscopically determined I'
factors allow to calculate the effective (by cavity and RPG modi-
fied) gain/absorption spectra (Fig. 11). These data can be readily
put into the simple rate equation model to simulate the laser
behavior under various conditions and to compare the mod-
eling results with the experimental results. For the simulations a
heating coefficient of 10 K/W of absorbed pump power was as-
sumed for our samples. This value originates from the measure-
ments of the power dependent displacement of the resonance
lines visible in the PL spectra recorded simultaneously with
the power-in/power-out curves of our samples [4]. For Ti:sap-
phire experiments the internal loss L was determined to be about
0.2%. Pump wavelength was 940 nm and heat sink tempera-
ture 293 K. The I' function was chosen corresponding to the
pump spot position in the experiments. To account for the re-
duced differential efficiency as well as the absorption saturation
behavior seen in the experiments 7;,¢ was set to 70% and 7geq
to 80%. The so calculated output curves are shown in Fig. 12
together with the measured ones. The lasing wavelengths that

TABLE 1I
LASER WAVELENGTH AT MAXIMUM PUMP POWER USING
Ti:SAPPHIRE QW PUMPING FOR VARIOUS OUT-COUPLING
VALUES OF THE EXTERNAL RESONATOR MIRROR

Out-coupling Simulation Experiment
(Ti:sapphire)
0.06 % 997 nm 993 nm
0.8 % 985 nm 981 nm
1.5% 978 nm 977 nm
2.8% 974 nm 974 nm
5.7 % 973 nm 971 nm

result from the simulations are given in Table II alongside with
the experimental values. As expected, the lasing wavelength is
more strongly bound to the cavity resonance position at 972 nm
for higher out-coupling values. The agreement between simu-
lation and measurement for the different out-coupling values is
remarkably good. Fig. 13 shows the calculated absorptance as
function of the absorbed pump power which can be compared
to the experimental results shown in Fig. 9. The decrease in
pump absorption above lasing threshold is nicely reproduced,
whereas the absolute absorptance values are slightly underesti-
mated. However, one has to bear in mind the strong simplifica-
tions in the model made.

For the diode pumped experiments the internal loss was set to
1.2%, which could be attributed to the larger pump spot size and
the inhomogeneity of the samples. This manifests itself in the
strong dependency of the differential efficiency on the out-cou-
pling value as can be seen in the measurements. The intrinsic
efficiency was set to 70% and the geometrical efficiency was set
to 80%. Both, simulated and measured output curves are shown
in Fig. 14. Again the agreement is within the scope of our simple
model. The thermal roll-over for the calculated curves is not as
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pronounced as in the experimental curves. This could be a re-
sult of the constant heating rate assumed for the calculations. An
increase of heating rate with temperature due to the increased
threshold and Auger coefficient at higher temperatures is as-
sumed to lead to a much faster thermal roll-over. Fig. 15 shows
the calculated lasing wavelength as a function of absorbed pump
power for three different out-coupling values and the experi-
mental values for comparison. Both show the same tendency to-
ward a shorter lasing wavelength for higher out-coupling values
and a similar shift with absorbed power (indicating that the as-
sumed 7" shift must be close to the real value).

IV. DISCUSSION

Having included the geometry factor 7., and the intrinsic
efficiency m;¢ into the standard rate equations a good repro-
duction of the P, -versus-P,,s curves could be achieved. They
show an absorption threshold density of approx. 1 kW/cm? and
a maximum slope efficiency of 50%. The saturation behavior
of our samples is also well reproduced using our simple model.
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The limitation of the differential quantum efficiency to values
below 55% for these samples indicates that the quantum defect
may not be the only heat source within the active region. This
can also be seen in the small difference of increase in tempera-
ture per Watt of absorbed power in the active region, which was
measured to be 11 K/W for the spacer pumped case as compared
to 8 K/W for the in-well pumped case. Nevertheless, no thermal
roll-over was observed for QW pumping up to the maximum
available pump power, which allowed to increase the maximum
output power by 70% as compared to spacer pumping to 1.9 W,
limited only by the available pump power.

From literature, it is well known that edge-emitting lasers
as well as VCSELSs are capable of intrinsic efficiencies close
to 1 [22]. Since for optical pumping doping is not required
such intrinsic efficiencies should be feasible with these optically
pumped devices as well. In this case the advantage of in-well
pumping for high output power systems should be even more
pronounced.

Using low-brightness diode lasers for pumping in combina-
tion with an external multipass optics a reasonably good ab-
sorption efficiency of more than 60% could be achieved, despite
the fact that the QW arrangement did not really fit to the pump
field at 940 nm. Ways to increase the absorption efficiency are:
1) adjusting the cavity mode spacing to the pump-to-laser-wave-
length difference and 2) optimizing the active region design to
increase the RPG factor for pumping. A lasing wavelength of
985 nm and a pump wavelength of 940 nm at 35° of incidence
leads to an optical cavity length of approximately 10 Ajaser, re-
sulting in 20 antinodes of the laser field within the structure.
To optimize the positioning of the QWs within the antinodes of
pump and laser field only the first and the last 3 antinodes should
be used. To get the same number of QWs as implemented in our
sample, 2 QWs instead of one could be used per antinode of
the field. This would result in an improved I' factor of 6 for the
pump radiation by simultaneously keeping the I" factor of 7 for
the laser radiation at 985 nm. This should give a nearly 6-fold
improvement of the absorption in comparison to the above ex-
periments using 13 QWs in a line, and should allow to reduce



1448

the number of pump passes substantially from currently 12 to
perhaps only 2 double passes.

In our experiments the quantum defect was reduced to values
as low as 4%, leading to substantial bleaching of the pump
transition. Choosing a pump wavelength of 915 nm instead
of 940 nm can increase the intrinsic absorption from about
2600 cm~! to 7200 cm~! at n = 1.5 - 10'2 cm™2. In this
case, a double-Bragg design with a slightly higher number of
AlAs—GaAs pairs and a somewhat increased thermal resistance
would be necessary. The double-pass absorption would then
be increased from 26% to 56% giving an overall absorption of
about 80% by simply redirecting the pump radiation onto the
pump spot using a concave mirror. However, this comes at the
cost of increased heating of the device and a tradeoff between
ease of absorption and decrease of device temperature has to
be made.

To fully use resonant absorption for in-well pumping a pre-
cise control of epitaxial growth and sample preparation is nec-
essary. This is a direct result of the simultaneously fixed pump
and lasing wavelength as compared to spacer pumping where
the laser wavelength is fixed only. Due to the limited range of
angles of incidence « between 30° and 50° when using highly
divergent pump diodes the variation in allowed pump resonance
position is only about 1%. The same allowance should be made
for the lasing wavelength to limit the possible reduction of the
RPG value. If more than two double passes are to be realized the
allowed angle of incidence is usually even more restricted. For
example using our conventional thin-disk multipass optic, « is
limited to values between 27° and 37°, increasing the necessary
accuracy in layer thickness to about 0.5%.

V. SUMMARY

We have shown that with in-well pumping of semiconductor
thin-disk lasers the usually thermally limited output power can
be increased significantly due to a reduced heating of the ac-
tive region. In our experiments an increase of output power by a
factor of nearly 2 from 1.1 to 1.9 W was realized when changing
the pump wavelength from 808 to 940 nm. The in-well pumped
output power was limited by the available pump power rather
than by thermal roll-over. These results are achieved without
special heat-spreaders or particularly small pump spots to in-
crease three dimensional heat flow. Therefore, this method can
lead the way to true power scalability by simply increasing the
pumped area and keeping constant the pump power density. The
absorption efficiency is shown to be 60% in a first high-power
diode-pumped experiment. Optimization of the device design
should enable absorption efficiencies of better than 90%.
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