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CHARACTERIZATION OF SEMICONDUCTOR SURFACE-EMITTING LASER WAFERS
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The development of epitaxial semiconductor surface-emitting
lasers has begun in recent years. These lasers are ultra-
short (few pm% Fabry-Perot resonators comprisin% epitaxial
multilayer semiconductor mirrors and quantum well active
regions. The resonators are sin%le crystals grown along the
lasing axis by molecular beam epitaxy (MBE) or chemical
vapor deposition (CVD). They offer significant advances
over conventional cleaved, edge-emitting lasers for creating
lasers with single elements or 2 dimensicnal arrays, low
beam divergence, engineered active regions, single lon-
gitudinal modes, and improved temperature characteristics.
To realize the high potential of these new laser structures,
techniques for characterizing the laser wafer after growth
and between fabrication steps must be developed. In this
paper we discuss several optical techniques that we have
developed for this emerging surface-emitting laser technol-

ogy.

INTRODUCTION

The semiconductor laser was first demonstrated in 1962 and has
steadil{ developed to the present. In these lasers the photons travel
laterally in the wafer plane, with feedback provided by crystal facets
or lateral modulation of the wafer refractive index. These lasers have
shown remarkable power efficiencies, compact size, and are beginning
to find widespread application. Despite these advances, the in-plane
semiconducter laser has been limited in the quality of the optical
beam because of wide divergence and astigmatism. Recently we have
demonstrated a fundamentally new kind of semiconductor laser which
emits a low divergence, circular beam vertically out of the wafer
plane (1l). These lasers are single crystal Fabry-Perot resonators
comprising semiconductor mirrors and quantum well active regions
precisely grown layer-by-layer using either molecular beam epitaxy or
chemical vapor deposition growth techniques, Because the mirrors are
highly reflective, up to 99.9%, the active length can be as short as a
single quantum well the order of 100 A (2). Such ultrashort cavities
§ive lasing operation on a single longitudinal mode. Because the

asing occurs along the growth direction, the active region can be
artificially structured %ayer by layer to implement periodic gain (3).
Further, the laser aperature is now independent of tge active region
layer %eometry and can be artificially controlled to create 2-
dimensional coherent laser arrays for the first time (4). These
lasers are ideally suited to the use of strainzd-layer quantum wells
(5). The layer strain provides a fundamental modification of the
valence bands which enhances the laser performance.

To realize the enormous potential of these new laser struc-
tures, new methods must be developed to characterize the laser wafer
after growth and between fabrication steps of the device processing
sequence. In this paper, several new optical characterization tech-
niques will be discussed. Most of these techniques utilize a laser
microscope which allows various laser sources to be optically coupled
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(on & microscopic scale) to the wafer while simultaneously allowing
spontaneous and stimulated light to be collected and analyzed.

BASIC CONCEPTS OF SEMICONDUCTOR QUARTER-WAVE STRUCTURES
Semiconductor Mirrors |

Most of the structures to be characterized fall into a broader
classification of quarter-wave structures. All of these structures
comprise epitaxial multilayers of semiconductor materials.
Alternating layers of materials with high and low refractive indices
are built up in periodic growth process. Each iayer in the multilayer
is chosen to be one quarter wave of a particular wavelength. The op-
tical thickness of each layer is the wavelength divided by 4n where n
is the refractive index of the layer. The multilayers produces a
Bragg reflection condition at wavelength Ao=2(nydy+ n;d; ) where n and
d are the layer refractive index and thickness, respectively, and H
and L refers high and low index of refraction for iiic twn materials.
The width of the high reflectance zone is given by AN/A =b(ny-
nL)/n(nH+nL). The maximum reflec:ance of a mulilayer on a substrate
with index n_is given by Ry=[(1-n")/(14n ))? :here n* %; an effective
index of the multilayer as a whole given by n -(nH/nL) (nﬁ/ns). For
large n* the reflectance Rm=1-4/n . Thus, when sufficient number of
layer periods are grown, the multilayer serves as a highly reflecting
mirror when light is directed to the wafer surface. Reflections from
successive interfaces are coherent and build up a large reflected
wave., For typical semiconductor pairs like Gass and AlAs, which dif-
fer in refractive index by about 20%, the mirror reflectance can
approach 99.9% if 20 layer periods are grown.

emiconductor brv-Perot Resonators

In the surface-emitting laser, a bottom mirror is grown fol-
lowed by a spacer layer (or active region), followed by a top mirror.
The total thickness of all the grown layers is about 5 to 10 microns.
The mirrors are Cypically 2 to 3 microns each. In the active region,
quantum wells are grown to provide gain. The resulting structure is a
single crystal Fabry-Perot resonator. The mirror layer thicknesses
are chosen to reflect the light emitted from the quantum wells. When
emitted, such light is trapped by multiple reflections between the
mivrors. With high carrier densities in the quantum well, gain is
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present and the optical wave intensifies during its transit between
mirrors. The resonator will build up optical waves only when a wave
remains in phase after a round trip between mirrors. This phase con-
dition restricts the lasing process to occur only at the resonant
frequencies of the optical resonator. The longitudinal mode energies
of resonator are given by cm-ﬁkmc where c is the speed of light, and
km-2n/km is the mode wavevector, and ) is the mode wavelength. The
wavevector is related to the structural parameters by km—(2nm~¢1-
¢2)nm/22 where £ 1s the active region thickness, m is an integer, the
¢; are the optical phases of the two mirrors, and n. is the effective
index of the active region at mode energy ¢ . The optical phase of
the mirror within the high reflectance zone is approximated by
¢i=¢o+”nm(e'€o)/e(nﬂ'nL) where ¢o (0 or «) 1is ;he phase at eo-hc/Ao
the energy of zone center The separation of longitudinal modes is
Ae:whc/!(nm-cmdn/dc) which is typically in the range 50 to 100 meV.

The Fabry-Perot resonator has transmittance given by

T - TR (1)
where
(1-R2) (1-R;) e %%
T T AR R, e D) @)
and
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F - 3
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and a is the effective absorption coefficient in the active region and
6§ is the round trip phase change within the resonator. It is given by

6 = ¢1 + ¢2 - 2(27nl/X) (4)



The transmittance T exhibits a maximum when f=mn, where m is
an integer, and & minimum halfway between these values of §. The
ratio of the separation of maxima to the width of the maxima is given
by the finesse x/F/2.

~Semiconductor Surface-emitting lasers

When the active region in the Fabry-Perot resonator is capable
of producing optical'gain, the structure can sustain lasing oscilla-
tion. To produce gain, electron-hole pairs are created in the active
region by electrical injection. They can also be‘produced cptically
by an external light source. This latter method is discussed in the
present paper because of usefulness in characterization.

‘For the case of a quantum well active region the lasing
process can be described semi-classically by rate equations for the 2D
photon density n and the 2D carrier density o :

o - . . . 5
'N:" Vg% -E;- Tsp? (5)

N
*# = (G- y)x + y_No v (6)

%

where J is the injection rate of electron-hole pairs into an active
region with Nt quantum wells. The T and Yo are recombination rates
for spontaneous emission for the mth longitudinal mode and nonradia-
tive recombination, respectively. The cavity gain rate is G=T'v N*gq/L
where I' is the confinement factor (assumed to be unity in the present
analysis) and the group velocity is ug-c/n where c*is the speed of
light and n_ is an effective refractive index, N" is the effective
number of quantum wells participating in the gain process and includes
the effects of spatial alignment of the quantum wells with the cavity
standing wave. L is the cavity length. The quantity Y=ot Tint is
the sum of the cavity loss rates due to mirror loss T 8nd internal

losses (absorption and scattering) Yint where T~ Vgam and
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7int_“gaint‘ The quantity am-(l/L)ln(l/Rng) and the aynt is an ef-
fective absorptiun coefficient. ‘

‘ The quantity g ' 1is the net gain per quantum well. This impor-
tant quantity determines much of the lasing physics. . Although many
theories exist to describe it, experimental measurements have not yet
verified them. A simple theory gives ‘

Bq™ Tﬁz—;?‘ﬂzg%—[fc(w'”/m&‘ - £ (0 u/m)) (7)

where n is the refractive index, e and m are the free electron charge
and mass, M is a momentum matrix element, and g is the reduced mass.
The quantity Mw'—hw-Eg is the photon energy reduced by the bandgap
energy. The fi are the 2-dimensional fermi distribution functions for
the conduction (c¢) and valence (v) bands. The factor fcufv‘in Eqn (7)
determines most of the essential lasing physics.

Steady state solutions to Eqns (5) ‘and (6) for ¢ and # indi-
cate that the function o(J) exhibits a linear increase with injection
rate J until o saturates near lasing threshold (6). The function n(J)
increases linearly with J except at threshold where an aorupt increase
occurs. The lasing threshold occurs when the stimulated emission rate
Gn/N* exceeds the nonradiative recombination rate 7o at a threshold
injection raEe Jin+ Analysis of the solutions for a wide range of
values for N and mirror less §=1-R,R, show that lasing will occur if
6 1s less than a critical mirror loss 6, which is apprbximated by

8c=1.5x10'3N*. When 6§ is very small corresponding to a high reflec-
tance limit, the threshold injentinn rata 45 irdagerdant o§ mirroo
loss and scales directly with the number of quantum wells in the ac-
tive region. l

OPTICAL CHARACTERIZATION

The above descriptions of the semiconductor mirrors, Fabry-
Perot resonator, and lasin% process define the important
characteristics of the surface-emitting laser. The mirrors are
characterized by the wavelength, magnitude and phase of the reflec-
tance. The resonator is characterized by the frequencies and
sharpness of it resonances. The laser is characterized by the
threshold injection rate and output efficiency. These latter two
characteristics are primarily dependent on the mirror loss é§ and ef-
fective gain in the active region. Aside from these are the quality

of the materials which comprise the resonator, including the quantum
wells.
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Reflectance Topography

A very useful technique to assess the quality of quarter-wave
structures is reflectarice topography which is illustrated in Fi%. 1.
This technique is particularly useful for assesssing the latera
variation o% the mirror reflectance across the wafer. It is the
easiest of the techniques and can be done immediately after wafer
growth without any sample preparation.  The wafer is illuminated with
monochromatic incoherent light. Typically a tungsten lamp with a nar-
row and interference filter corresponding to the design wavelength of
the laser is used. The specular light reflected from the wafer is
directed to a silicon charge-coupled detector (CCD) camera. The sur-
face image of the wafer is hrought to focus on the camera. The result
is that regions of high and low reflectance can be mapped directly in
the camera image. This image determines the extent of lateral varia-
tion in the mirror layer thicknesses. By inserting interference
filters corresponding to different wavelengths the exact mirror period
can be mapped across the wafer. Reflectance topographs from MBE and
MOCVD wafers are shown in Fig., 2. There are significant differences
in the lateral wafer variation between the two growth techniques.
Rotated MBE sul strates usually produce a circular reflectance
topograph independent of the wafer shape. Care must be taken to cen-
ter the beam flux near the center of the wafer, or slightly off center
.to produce the greatest uniformitg of layer thickness. In the case of
CVD, the boundaries of the wafer help determine the flow of gas over
the wafer. As a consequence, the contours of constant reflectance in
the topographs vary according to the shape of the wafer. In Fig. 2
the CVD image shows reflectance contour: which conform to the crescent
shape of the wafer. Typical layer thickness variations of MBE and CVD
wafers are a small as 2%. However, care must be taken to exclude
those portions of the wafer with lower reflectivity from subsequent
processing.

Reflectance/Transmittance Spectroscopy

Once the lateral variation across the wafer is characterized,
a more quantitative measurement of the surface normal reflectance can
be performed. If the wafer variation is sufficiently small, standard
reflectance spectrometers which sample cm sized areas can be used. If
the variation is large, microsampling must be used. The reflectance
measurement reveals the posiftion and magnitude of the high reflectance
zone. Further, it reveals the resonance frequencies of the resonator
which appear as sharp minimum within the high reflectance zcne.
Typically the resonance frequencies vary across the wafer, but this
variation can be as little as 5%. Complementing the reflectance tech-
nique is transmittance spectroscopy. This technique usually requires
some sample preparation such as sugstrate removal, Like reflectance,
the transmittance provides an accurate measurement of the resonator
frequencies and linewidths. Further, it provides a measurement of the
transmittance minima. This measurement gives an upper limit on the
absolute mirror reflectance. Absolute reflectance is difficult to ob-
tain directly from the reflectance spectra when the mirrors are
greater than 99% reflective.

Laser photoexcitation

After initial characterization of the mirrors and resonator by
incoherent light, it is useful to employ laser photoexcitation to op-
tically pump the structure to the lasing condition. The experimental
setup to accomplish this is shown in Fig. 3. A laser source is
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directed via a beamsplitter to an objective lens. Under the objective
lens the wafer is placed on an x-y translation stage. For lov tem-
perature characterization, the wafer can be cooled in a miniature
Joule-Thompson apparatus. The objective lens focusses the laser light
to a small, spot of controllable diameter on the wafer. Spontaneous
or stimulated light from the wafer is collected through the same ob-
Jective lens and passed through the beamsplitter. This output li%ht
can be directed to a variety of analytical instruments. For simple
images of the near field (image corresponding to the wafer plane) the
light is directed to an infrared vidicon or charge-coupled detector
(CCD) TV camera. The TV camera can be cooled to allow long time ex-
posures, necessary for low intensity images. Alternately the vidicon
or .CCD camera can be positioned away from the wafer image plane to
record the far field intensity distribution. The camera images can be
digitized and stored in computer memory for analyzing the spatial dis-
tribution of the emitted light. By coupling the light into a
spectrometer., the energg distribution of emitted photons can be
studied. By coupling the light into a calibrated power meter, ab-

'solute intensity measurements can be mader

The laser microscope can be used to test wafers for lasing,
assuming that the structure has been properly designed with sufficient
mirror reflectivities and active region gain. If the structure is
pumped with low irradiance below ~103% W/cm? the structure will emit
only spontaneous light. This light is quite useful for it reveals
most of the resonant frequencies of the laser structure. It is impor-
tant that the gain spectrum and resonator frequencies are spectrally
aligned.” If the alignment is good, the emitted spectrum appears in
the form of discrete emission %requencies corresponding to the
resonator frequencies, If the pump light is increased to ~104W/cm?,

one of these frequencies can support the lasing process with intense,
coherent light emitted.

In the optical pumping scheme the choice of pump laser
wavelength is critical to maximizing the optical absorption in the ac-
tive region of the SEL. It is desirable to chose a wavelength
absorbed by the active region but not the mirror layers. Beyond this,
one usually has the choice of pumping at wavelengths inside or outside
of the high reflectance zone of the mirrors. Outside this zone the
mirror reflectance is usually low such that more light can reach the
active regijon. Inside this zone, the reflectance is very high except
at the longitudinal mode wavelengths. It is desirable to chose a mode
wavelength where the active region absorbs strongly. Whether pumping
inside or outside of the high reflectance zone, there will be pump
light reflected, absorbed in the mirrors, or transmitted through the
SEL structure. The amount of pump light absorbed bg the active region
will depend on the structure and can vary conside.ably. It is neces-
sary to ~alculate the absorbed power or make direct measurements of
the reflected and transmitted light. Even with these direct measure-
ments, there is still some uncertainty about the fraction of light
absorbed in the mirrors versus the active region. Another choice in
the optical pumping is the laser cycle time. Continuous-wave, quasi-
cw, cavity-dumped, and mode-locked pulsed lasers all have been used to
pump surface-emitting laser structures.

tica er

Another useful characterization technique is the measurement
of optical scatter. Although this technique has long been used to
characterize optical surfaces such as metal and dielectric mirrors,
its use for semiconductor multilayers is quite new. Recently this

L
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technique has been used to assess differences in optical scatterin% in

semiconductor multilayers due to growth technique and layer compos
tion (7). Elastic optical scattering is primarily determined by the
crystalline imperfection of the mirror layers and interfaces. Defects
such as interface roughness, surface defects (hillocks and oval
defects), dislocations, and compositional uniformity will all con-
tribute to optical scatter. Despite these defects, epitaxial mirrors
are ‘expected to exhibit less optical scatter than conventional multi-
layer mirrors prepared by vacuum deposition. The latter mirrors
exgibit a columnar, polycrystalline morphology which limits the per-
fection of the layers. This limitation is not present in single
crystal semiconductor mirrors which are grown epitaxially on semicon-
ductor substrates such that atomic registration is preserved from
layer to layer. Since the substrate serves as a template for the
growing crystal, the substrate material can influence the perfection’
of the grown layers. :

The optical scatter from semiconductor multilayers can be
determined by measuring the bidirectional reflective distribution
function (BRDF) (8). 'An experimental arrangement 1s shown in Fig. 4.
In this measurement, collimated light near A is directed near normal
incidence onto the sample. At this wavelen§ h, only the top surface
and first few mirror layers are sampled. Light scattered in the plane
of incidence is measured as a function of angle from the normal with a
small area photodetector. The BRDF is defined as ‘

dP_/dw
1 s S N

where Pi is the incident power, A the irradiated area, and dPS the
differential power scattered into differential solid angle w_ at angle
b from the normal in the plane of incidence. The BRDF measurement

yields two important characteristics of the scattering multilayer:
total scatter and the power spectral density (PSD). The total scatter
from the multilayer can be computed from the BRDF by assuming
isotropic scattering. The power spectral density can be calculated
directly from the BRDF measurements (9). The PSD can be interpreted
as the roughness power per unit spatial frequency.

Recently, the BRDF has been measured for semiconductor
quarter-wave structures grown by molecular beam epitaxy and by metal-

~organic chemical vapor deposition (7).  The structures comprise

quarter-wave layers of AlGaAs/AlAs and GaAs/AlAs. Histograms of total
scatter at incident angle of 9° are shown in Fig. 5 for 2 MBE and one
MOCVD wafers. The MOCVD technique yielded the %owest possible total
scatter 10°® at selected wafer points, which compares favorably to
state-of-the-art ring laser gyro optics. MBE grown wafers yielded the
most uniform low scattering across the wafer. Most typically, the to-
tal scatter from such either MBE or MOCVD multilayers is about 1x10 3
and is Yrcbably limited by the quality of the substrate. The power
spectral density measured over spatia{ frequencies from 10°% to 10

pm ! was in the range 10 to 30 A. Applications such as GaAs-based
surface-emitting lasers should benefit by improvements in multilayers
which reduce optical scatter. This is particularly true for sing{e
quantum well lasers. 1In these lasers the mirror loss 1-R;R; must be
less than 10°3%. Thus, scatter from the multilayer mirrors contributes
significantly to the mirror loss. Applications such as this one un-
derscore the need for characterizing the scatter in the semiconductor
multilayers.
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CONCLUSIONS

Epitaxial semiconductor surface-emitting laser are complex
structures requiring detailed understanding of mirror, resonator, and
active region properties. We have developed several optical tech-
niques for characterizing these properties. Reflectance topography
and Refiectance/Transmittance spectroscopy are useful for determining
the mirror loss and resonating frequencies. Laser photoexcitation is
useful for characterizin% the spectral gain, lasing threshold, and
power efficiency. Finally, optical scattering is useful for determin-
ing optical losses. ‘
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