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We report polarized edge- and front-emission electroluminescence studies on red-emitting
vertical-cavity surface-emitting las€iVCSEL) structures. The measurements were performed
nondestructively on pieces of as-grown wafers using indium—tin—oxide-coated glass electrodes. The
front-emission spectra helped determine the FabryetPeavity-mode wavelength, while the
edge-emission spectra were used to identify the wavelength of ground-state emission from the
guantum wellSQWSs) in the active region. However, measurements on edge-emitting (BE&y
structures with a similar QW active region reveal that the peaks of the edge-emission spectra are
always slightly redshifted with respect to front emission. We show that this arises due to
reabsorption effects and then appropriately correct for it in the VCSELSs by studying such shifts in
the equivalent EELs. Thereafter, by comparing the experimental results with theoretical calculations
and simulations, we estimate the composition, strain, and material quality of the QWs in the VCSEL
active regions. Finally, we comment on the usefulness of comparing the two orthogonally polarized
edge-emission spectra. @000 American Institute of Physids$0021-897@0)01715-1

I. INTRODUCTION variation in the cavity-mode wavelength, a compositional
] . ] o change will affect mainly the QW emission wavelengths.

Interest in vertical-cavity surface-emitting lase€MC- 1,5 an important aspect of postgrowth characterization of
SELs has increased in recent years since they have severgiose structures is to determine the relative wavelengths of

advantages, such as single-longitudinal-mode operatioghe peak of the QW emission and the cavity mode
symmetric beam profile, low beam divergence, low threshol While it is relatively easy to determine the position of
currents, low temperature sensitivity of emission wave-

: S . X the cavity mode using reflectance measuremémsnde-
lengths, ease of integration into two-dimensional arrays, an : o . o en

12 - . Structive estimation of the QW emission peak is difficult
on wafer testability:? Of crucial importance to the working

of a VCSEL is the relative wavelengths of the single Iongi-bec‘wSe measurements through the front surface are strongly
tudinal Fabry—Pet cavity mode and the peak of the gain modified by the presence of the DBRs. To observe photolu-

spectrum of the quantum welQW) in the active region. The minescence(PL) from the QW, the front DBR is often

7 . . . .
extent to which these features are in resonance strongly ir?—tChecj away,but this is obviously destructive and such PL

fluences the threshold current density and the power outpuf@" still be modified by the bottom DBR stack. Front su_rface
and their temperature dependedc®@VCSEL structures are Photoréflectance has been shown to be more ug@lﬁ'ﬁvt it
designed such that, at room temperature, the gain peak is aivprks best when the top DBR reflectivity is not too high and
shorter wavelength than that of the cavity mode and, as th&e inhomogenous broadening of the critical-point energies is
operating device warms up due to Ohmic heating from thdelatively small. However, the in-plane QW emission spec-
drive current, the peak of the gain redshifts and comes int&um from regions close to the edge of a VCSEL is expected
resonance with the cavity modevhich is much less tem- to be largely free of the effects of the DBRs and would,
perature sensitije However, the cavity-mode wavelength therefore, be more useful in identifying the QW emission
and band over which the distributed Bragg refleci@BR9) peak. PL spectra measured in this geometry have been re-
have high reflectivity depend critically on the thickness ofported by Schaafsma and Christeriderand Gramlich

the layers. An error of say 1% in the growth rate of all theet al,'2which we will discuss subsequently in relation to our
layers would shift the device operating wavelength-hi06,  observations. Here, we report polarized edge-emission elec-
i.e., by 6.5 nm for a 650 nm design, which may be verytroluminescencéEL) studies on as-grown VCSEL structures
significant if the system specifications are tight. Furthermoreemitting in the red. First, we briefly describe the samples and
in red VCSELSs with an AlGalnP-based cavity, it is difficult our nondestructive EL technique. Then, using edge-emitting
to grow the cavity to the correct length such that the cavitylaser(EEL) structures, we show that the peaks of the edge-
mode is centered on the high-reflectivity band of the DBRsemission EL spectra are always slightly redshifted. We use a
thereby affecting the minimum achievable threshold gainmodel to show why this occurs and go on to describe how to
While both these dimensional factors can lead to significantorrect for this shift in VCSELs. Thereafter, comparing the
experimental results with theoretical calculations, we explain
dElectronic mail: j.hosea@surrey.ac.uk some of the observed experimental trends and estimate the
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were measured in the transverse magn€fid) and trans-

:;Fl?eggcai% glass Tsriloi?sion verse e_Iectric(TE) polarizations. In the first case, the elgctric
—~— — vector is perpendlcglar to the plane pf the QW and in the

E%I;{ wock | = 2 second, parallel to it. The EL was d|spersed by a 0.32 m
o = ™} TE monochromator and detected with a Si photodiode and
QWs in Cavity == Z 714’ lock-in amplifier combination. The front-emission spectra,
Doom 2222V Edge emission emerging through the DBRs, had narrow spectral features
Substrate 7 due to the effect of the optical cavity, so these were recorded

Bottom electrode (Cu) | with a bandpass 0£0.15 nm. The weaker edge-emission
L spectra were much broader, typically, larger than 17 nm, and

) ) o therefore, larger slit widths corresponding to a bandpass of,
FIG. 1. Schematic of the electroluminescerigé) emission geometry, the

shaded portion indicating the dominant curréht path, of approximate typlcal!y, 4 nm, could be used. oln edge_ emISSIO,n the light
thicknessd (not drawn to scale collection cone was kept smah=7°) to avoid detecting scat-

tered front-emission light. All spectra were recorded at room
temperature, and were corrected for the wavelength response
composition and strain in the QW active region of theseof the system.
VCSELs. Finally, we discuss the usefulness, in terms of VC- Before ending this section we note that a|though PL can,
SEL characterization, of comparing the two orthogonally po-in principle, give similar information about the active region

larized edge-emission spectra. of a laser structure, our nondestructive EL technique has
some advantages. PL often requires cooling to get suffi-
Il. EXPERIMENT ciently strong signals. In an EL measurement the active re-

The VCSEL samples studied here were grown by metal-910N is selectively excited and, therefore, the QW emission is
organic chemical-vapor deposition, with active regions comEasily identifieq, while in PI_. th.e interpretatic_m of the spectra
prising four Galn, _,PIAl.5Ga )0 54N0 4P QWSs, with well ~ May be complicated by emissions from various other layers.

and barrier widths of.,=45 A andL,=50A, respectively. More specifically, in the case of PL measurements on
The QWs were in a Fabry—Re cavity layer made of VCSELs, if the pump laser wavelength is close to the high-

(Al Gy 9o.s4NesdP, Sandwiched between twp*- and reflectance band of the DBRs, it is virtually completely re-
n*-doped DBR s,tacks comprising several pairs Offlected. On the other hand, if it is at a much shorter wave-

Al,,Ga_,;As/Al,Gay_,,As layers. The structures were Ieng_th i'g g(_at_s strongly absorbed_ i_n the top DBR layers,
grown on n'-GaAg100 substrates miscut 10° towards making it difficult to measure sufficient PL signal from the

(112, in order to prevent ordering in the @a, P layers. active region. Thus, pump lasers operatir_wg at differen_t wave-
The five VCSEL structures studietabeled V1-V5 were lengths would be required for PL experiments on different
designed for different emission wavelengths in the red regioff CSEL structures. Also, with the present arrangement we
of the spectrum and differ in terms of the Ga concentration ifVere able to detect sufficient EL coming out of the edge of
the QWs and Al concentration in the DBRs. Also studiedth® Sampléwhich is of crucial importance to this studwith
were a set of EEL structuréfabeled E1—EBwhich had QW gr_eater ease than is possible in a typical PL experiment in
active regions and cladding similar to the correspondingnis 9eometry.
VCSELs V1-V5, but with the DBR stacks replaced by thick
AlyGa - As layers. _ lll. RESULTS AND DISCUSSION

The EL measurements were performed using an arrange-
ment shown schematically in Fig. 1. The as-grown samples, Figure 2 shows the normal-incidence reflecti\i®) of a
cleaved into 5 mnx5 mm square pieces, were placed be-typical VCSEL sample, together with the front emission, and
tween two electrodes, the bottom one a grounded coppdwo orthogonally polarized edge-emission EL spectra. The
plate, and the top a transparent conduct@@() per squarg  small dip in theR spectrum at 661 nm identifies the position
indium—tin—oxide(ITO) -coated glass slide. The top elec- of the Fabry—Pet cavity mode. In the front-emission EL
trode was pressed down lightly on the sample at a slighspectrum we get a much better defined feature at the cavity-
angle such that it preferentially touched along one edge. As mode wavelength and also several other features at positions
result, the current was confined close to this edge so thatorresponding to dips in thR spectrum. This EL spectrum
light was generated in a strip of the the active region 5 mnshows that the DBRs dramatically modify the light emitted
long and of width~d, along this edge of the sample. The EL from the front of the sample. Although such EL helps to
was excited with a positive square-wave voltage and resultidentify the cavity-mode position accurately, it gives little
ant currents were, typically.15 mA. The average width of clue as to the peak position of the QW emission. In contrast,
the strip over which light was generated was estimated to bthe edge-emission spectra shown at the bottom of Fig. 2 are
d=30um. Thus, the current densities involved were aroundnot affected by the DBRs. Though the edge emission from a
10 Acm 2, which were too small to cause any damage to the/CSEL structure may be affected by thelen filtering ef-
sample. The arrangement allowed us to detect EL emerginfgct, whereby intensities at those frequencies favored in front
from both the front and edge of the sample. Other detailsurface emission are reduced in the edge emission, this effect
about the experimental arrangement can be found in Ref. 14s usually quite smaft* This is confirmed here by the fact
Using polymer sheet polarizers, the edge-emission spectithat we do not see any sharp dips in the edge-emission spec-
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FIG. 2. Measured normal-incidence reflectivity, front and polariZgland ~ FIG. 3. (8 Measured front- and edgeTE) emission EL spectra of two

TM) edge-emission EL from an as-grown vertical-cavity surface-emitting€dge-emitting lase(EEL) structuresE1 and E4 with different Ga concen-
laser(VCSEL) structure. tration in their QW active regions. The spectra are normalized to identical

peak heights(b) (circles and squargsThe ratio of front- and edgd-TE)
emission spectra of the two EELs. The ratios have been scaled by a constant
so that the long-wavelength asymptote is unity. The lines represent best fits

Th h ful in d . h using Eq.(3) with =1, I'=0.1, andd values indicated. The inset shows
tra. us, these spectra are very useful in determining t fhe wavelength dependence of the absorption coefficient of the active re-

true QW emission peak position. We note here that we segions of these two EELs determined from their front-emission spectra. The

none of the additional interference-related structures seen f@ptted lines show that E4 has the more broadened sub-band-gap absorption.

the edge-emission PL reported by Gramlithal 12 because,

in their case, the pump laser excited all the different layers in

the structure, while here, light is generated only in QWs inhave to pass through an absorbing mediiihe rest of the

the active region defined by the-n junction. Also, unlike QW) before they emerge from the sample edge. Since the

Schaafsma and Christendéme do not see any Rabi split- absorption coefficient drops with increasing wavelength,

ting in the edge emission because the QW emission linglong-wavelength photons are thus more likely to survive to

widths are much larger than the width of the cavity mdtle. exit the edge of the structure and be detected, thereby shift-

Of the two orthogonal polarizations of the edge-emissionng the emission peak to longer wavelengths. In the front-

spectra, the TE polarization is relevant to the front-emissioremission geometry any redshift would be negligible by com-

geometry and is, therefore, of importance to the working of &arison, because the maximum distance over which

VCSEL. However, it would be too simplistic to take the peak absorption occurs is of the order of the thickness of the QW,

of the edge TE emission as the true spontaneous TE emissigvhich is negligible compared to that in edge emission. These

peak position. This can be understood from a study of the&pectral shifts can be modeled as follows.

corresponding EEL structures, as described next. We assume that the sample is uniformly pumped in the

QW active layer up to an average distaddeom the edge of

the sample as shown in Fig. 1. ¢f;(\) is the consequent
Figure 3a) shows the front- and edggTE) emission uniform rate of generation light per unit volume, then, using

spectra of two EEL structures, showing that, in both casesan analysis similar to that of Henst al.,'® the total intensity

the peak of the edge-emission spectrum is redshifted witlof light emerging from the edgle-(\), with the edge chosen

respect to that of the front emission. In an electricallyto be at the origin, will be given by

pumped EEL structure one can expect gain-related redshifts B

in the emission spectrum peak. However, this happens at IE()\):AEJ (1—R)go(N) e *M*dx

much higher current densiti¢gypically, >250 A cm ? (Ref. —d

15)], than hergtypically, 10 Acm ?). Second, the width of As(1=R)gy(\)

a gain-related feature in an emission spectrum increases sig- = =0

nificantly with increase in carrier density, but we saw no Fa())

appreciable change in the width of the edge-emission speavhere a(\) is the wavelength-dependent absorption coeffi-

tra, even when the current was increased tenfold. These oloient in the active regionl’ the optical confinement factor

servations indicate that this redshift in the peak of the edgetcalculated to be 0.1 in these device structyrBshe reflec-

emission spectra is not due to optical gain. We suggest thaivity at the air/active region interfacédg=(4L,,+3Ly)l

the shift can be understood by considering reabsorption ethe average area in which light is generated, larttle length

fects, as follows. Photons generated at a distance from thef the sample edgé=5 mm). Interference effects, due to

edge of the sample, and traveling in the plane of the QWreflection at the pumped/unpumped active region boundary,

A. Peak shifts in edge emission

[1_e7Fa()\)d], (1)
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—
9]

are neglected as the refractive-index difference here is incon-
sequential, and absorption is assumed to obliterate any re-
flections from the distant far edge of the sample. For an EEL
structure with no DBRs the intensity of light emerging from
the front surface ¢(\), would be given by an expression
similar to Eq.(1), but withd replaced by (&,,+3L,), if we
assume: (i) no significant absorption in the barrier/
overlayersjii) light propagating in the direction of the sub-
strate is not reflected back in any significant amount and is 0 . . . . . ,
completely absorbed by the substrate; dnd the major 630 635 640 645 650 655 660 665
reflection suffered by the light propagating towards the front Wavelength eqge(TE) emission (1)
surface is at the air/fGa, _yAs interface and is of similar
magnitude to that at the air/active region interface for edg(flG- 4, (square)sl\/l_ea_sured shift between the peak Wavelengt_h of _the front-
emission. These assumptions are quite reasonable, given t d gggfé;fgnfglls;oﬂ] Erl;espQ?/thr:c?:/:er\gisEEI?jr:::ligrl:(gf?hglzzrge
values of the complex refractive indices of the substrat@re) emission peak wavelength. The curve is a fit with the phenomenologi-
(=3.8+0.18), QW active region 3.5+0.045), cal relation given by Eq(5).
(AlgGay 3)0.54N0 4¢P (=3.2+ 107 %) and AlGa _,As(=3.3
+10 %) layers at 655 nm. For front emission, the exponen-
tial term in Eq.(1) may be expanded binomially and trun-  Equation (3) indicates that the redshift of the edge-
cated to first order, since typically;a(N\)(4L,+3L,)<1,  emission peak depends on the magnitude aé well as the
to yield wavelength dependence and magnitudeatX), the latter
_ _ _ two being sample dependent. This means that the measured
eV =Ae(1-RIGo (M) (ALt 3Ly), - Ap=dls. (2 edge(TE) peak positions would be unreliable df changed
Dividing Eg. (2) by Eq. (1) gives the ratio of front-to-  significantly between different mountings. However, simula-
edge-emission spectra: tions of the reabsorption effect using Ed), show that the
(V) BT a(N)d redshifts are more sensitive_to thedependence_: otr(N),
= ———Tama (3)  than to changes in the magnitudeddr a()\). For instance,
le(\) 1-e doubling d increases the redshift by only 2 nm but even a
where 3 describes the ratio of light collection efficiencies of slight broadening ot()) in the sub-band-gap region results
the front- and the edge-emission experiments, which diffefn much larger redshifts. This can be seen by comparing E1
due to experimental constraints. Idealfyshould be 1, and and E4 in Fig. 3, where, in spite of the samh@nd o, the
e} EQ(3) should have an asymptote of unity at |Ong Wave-Shift for E4 is much Iarge(ﬁ nm) because of its more broad-
lengths, wherex is small. Therefore, if the experimentally ened sub-band-ga@(), as shown in the inset of Fig(13.
determined ratiol ¢(\)/I(\) is normalized such that its Furthermore, we observed that, between several remountings
long-wavelength asymptote equals 1, then it should be po$f the same sample, where one might expett change, the
sible to fit this with Eq.(3) using only one fitting parameter €dge(TE) peak position was identical to within2 nm. Ad-
d (the average width of the pumped regipif a(\) is  ditionally, there is a regular trend in the the five EEL struc-
known. Figure &) shows this ratio for structures E1 and E4. tures studied, such that the redshift of the edgE) peak
Using the relation between absorption and emis§ion ~ position (with respect to the front-emission pgakcreases
a semiconductor at an energ}and temperaturd, Smoothly, as the peak pOSitiOﬂS themselves move towards
> kT longer wavelengths in going from E1 to E5. This is shown in
I(e)=a(e)e”e "8, 4 Fig. 4 where the ShIftA N = X eggere)— Mront IS Plotted as a
we can use the EEL'’s front-emission spectrum to derive itfunction of the edgeTE) peak position. An explanation for
a(\) spectrum, to within a multiplicative constant. This con- this trend will be suggested later, but note that it would not
stant can then be fixed by demanding that the value of th8ave occurred if the redshifts were dominated by arbitrary
absorption coefficient at the effective band-edge positiorfhanges ind. Therefore, we are confident of the measured
(=the front EL peak position for a QWshould equal its €dge(TE) emission peak position to withir-+2 nm. Our
theoretically expected value,. The inset of Fig. @) shows Model shows that it is not possible to calculate the true spon-
a(\) determined in this fashion for device structures E1 and@neous emission peak position from the edge-emission spec-
E4 using a theoretically calculated value including excitonictrum alone, unlessl and a(\) are known. Since there is no
contributiort’ of ay=9x10% cm™*. The curves in Fig. @  Way of knowing these quantities priori for VCSELs, we
show the resulting fit of Eq(3) to the experimentally deter- have adopted a different approach. We first fitted the follow-
mined|=(\)/Ig(\). Evidently, the fits are very satisfactory, iNg phenomenological expression to the peak shift data of the
giving similar fitted values fod=30um. This value ofd  EELs in Fig. 4:
obviously depends on the theoretically calculatgd but its
order of magnitude is consistent with the width of the lumi- AN=3+
nescent strip observed visually during the experiments. Thus,
the above analysis confirms that the redshifts in the edge- The above expression fax\ has a limiting value of 3
emission spectra are indeed due to reabsorption effects. nm ath ¢qgq1e)=630 Nm and was so chosen for reasons to be

[0 ]

I~

Wedge(TE) - Wirone (0M)

Delta W

a;\?
a,+A,’

A= Nedgete)— 630 (NM). 6)
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TABLE I. Values of relevant parameters of GaP, InP used in calculations to Compressive Strain (%)
determine the theoretical optical transition wavelengths in the QW active 1.0 08 0.6 04 0.2
region. ~
Parameter GaP InP 2
b
Lattice constang, (A) 54505  5.8687 g £l
Spin-orbit splitting(eV) 0.08 0.108 ° a
Electron effective massn{*/mg) 0.09 0.077 g
Luttinger parametety, 4.05 5.04 =
Luttinger parametety, 0.49 1.56 g
Hydrostatic deformation potentialyg;cg) (€V) —9.3 —-6.4 g 300K
Shear deformation potentis|yg , cg) (€V) -16 -2.0 £620 h . . n E
Elastic constan€,; (10 dyn/cn?) 14.1 10.1 0.38 040 042 044 046 048 050
Elastic constan€, (10" dyn/cn) 6.2 5.6 Ga concentration x

FIG. 5. Theoretically calculated transition wavelengths in the QW active
regions of the VCSEL and EEL structures, as a function of Ga concentration

. . . (and strain. The circles are placed at points where the experimentally de-
explained later. With the values of the fitted parametgrs termined EL peak position of the VCSElse., edge<{TE) emission peak

=0.2505 anda,=6.7614nm, this relation gives the ex- position, corrected for redshiftoincides with the theoretical peak position
pected redshift when the edg€E) peak position is in the curve. The inset shows the simulated EL spectraxfar=0.44 neglecting
range 630—665 nm for these types of QWSs. We then usegKciton, band tailing, Stark shift, and relaxation effects.

this curve and the measured values of the ed@&) emis-
sion peak position in the VCSELs to work back to where

their QW’s front-emission peak position would have been. Pluéshifted by=kgT/2 away from the true band edge.

However, the simulated edg@E) emission peak, which
takes into account reabsorption through B, is redshifted
by =3 nm and exactly coincides with the lowest-energy
To analyze the experimental results further, we perheavy-hole transition. Therefore, this indicates that there will
formed numerical calculations in the envelope-wave-always be a redshift of at least3 nm in these four coupled
function approximation using the transfer-matrix/tunneling-QW systems. This minimum possible redshift roughly corre-
resonance techniqd&jn order to determine the allowed QW sponds to the splitting between the lowest and highest split
optical transition wavelengths. The calculations consideretheavy-hole transitions, which is almost independent of Ga
the well layers to be coherently strained with respect to theoncentratior(Fig. 5). It also explains why we chose a lim-
GaAs substrate (lattice constar.563A)1° The param- iting redshift of 3 nm in Eq(5). The results in Fig. 5 also
eters of Gan;_,P used in the calculations were determinedshow that as the Ga concentration in the QW decreases, ac-
by appropriate linear interpolation between those for GaRompanied by increased compressive strain, the wavelength
and InP, taken from different sourcEs:®?°and are listed in  of the front-emission peak should move systematically to
Table I. The band gap of the unstrained,®a_,P random longer wavelengths.
alloy in the well was taken to be 1.3%D.76% The circles in Fig. 5 are placed at points where the mea-
+0.662%eV,'® and that of the barrier (AkGa 1)osdNg 4  sured peaks of the QW emission in the VCSHEedge(TE)
to be 2.1 e\*® while the conduction-/valence-band offset emission peaks, corrected for redshift using E%)], coin-
ratio chosen was 60/43.The barrier effective masses used cide with the calculated peak position, enabling the values of
werem? =0.11,m},=0.62 andmj;=0.11" the Ga concentration and strain in the active region to be
Figure 5 shows the results of the calculation where onlyread off. The average concentration of Ga estimated thus
the low-energy heavy-hole and light-hole transitions relevantanged from 48% to 39% with an error af0.5%. Our simu-
to the emission process have been shown. The lowest heavigtions of the emission spectra also indicate that if broadened
and light-hole energy levels are split into four because of thexcitonic contributions are included, then the estimated Ga
coupling between the four wells. The inset shows the simueoncentration would be higher than the above values by
lated edge(TM and TE and front-emission EL forxg, =1%. These values are in agreement with the growers’ in-
=0.44. The simulations were performed using &), witha  dependent estimate of the possible range of Ga concentra-
calculateda(e), which for a QW has a step-function-like tions in the QWs. Note that the transition wavelengths in a
energy dependence. Line broadening effects such as intr@W also depend on the well widths. However, the above
band relaxation and inhomogeneity were neglected. Noticestimates of Ga composition would be wrong by orl§%
that the peak of the front emission in the simulated spectra isven if the well widths differed by as much as5 A
not at the lowest-energy heavy-hole transition, but exactly at=11%). These results show that as the emission peaks shift
the fourth one. This is due to the product of the occupatiorio longer wavelengths from VCSEL V1 to V5, the strain in
probability with the near-band-edge absorption coefficienthe QW layers also increases significantly, reaching a rela-
(consisting of four closely spaced steps, arising from the foutively high value of 0.9% 0.05% for sample V5. The four
split electron- and heavy-hole levelsecoming maximum at  QWs in these structures are closely packed so the strain-
the fourth split heavy-hole transition. This effect is some-thickness product is quite high. Since the devices made from
what similar to the case of a three-dimensioaD) M, these structures worked, we can conclude that strain is not
critical point, where the front surface luminescence peak isignificantly relieved through lattice dislocations as this

B. Transition wavelengths: Theory and experiment
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lased at the cavity wavelength of 675 nm, with a peak output

03 04 05 0.6 0.7 power of 2.5 mW at a current of 15 mA.
30 fa) ' ' ' Es” ]
E Edy _
525 r E2 /// P = C. Importance of TM-polarized edge emission
-
Ezo - El /:r// _ ] In the simplest approximation, the edgéE) emission
15 .___-bT—'—’ //// E3 1 spectrum for a compressively strained QW is expected to be
- , , dominated by electron-to-heavy-hole transitions, while the
S W W, ] edge(TM) spectra will have contributions almost exclu-
T / i i sively from light holes. The effective band-edge absorption
§15 o is nearly the same for these two polarizatiofise.,
10 HH HHES a M(ellhl)=a F(e1hh1)] ? so the positions of both peaks
= E3 "%" ] are expected to be redshifted by similar amounts, thereby
g E5 preserving their difference. Since the difference between the
= 0630 655 6410 64115 630 655 heavy-hole and the light-hole effective-energy gaps can be
Wavelength ... (nm) an independent estimate of the composition and strain in the

QW (as can be seen from Fig),5t should be possible to
determine these parameters directly from the difference in
the peak positions of the TE- and TM-polarized edge emis-
. ; . ; %ions of a VCSEL sample. However, in the present case this
curves are a guide to the eye. The strain valies axi9 for a given peak . ; .
wavelength were determined theoreticalfp) (squares Measured differ- did not work. Figure @) shows the measured difference
ence between TE- and TM-polarized edge-emission EL peak wavelengths dfetween the TE- and TM-polarized edge emission peak po-
e e et o eion o . rret e NS Qcsnrer Nesgary) I (he EELs and the calulated
effective heavy- and light-hole band gaps. Nitference between the heavy-hole/llght-hole ef_fec_nve band
gapsSheinni— Netin1s as a function of the front-emission peak
position. Using photoreflectance measurements, we have in-
dependently confirmed that the heavy-hole/light-hole
would lead to very short device lifetimes. The strain field effective-band-gap separation does indeed follow the calcu-
will affect the QW deposition during growth and it is likely lated line. In Fig. @) we find that although\qqgete)
that the upper QWs differ slightly from the lower ones and —\qqg¢tmy based on EL measurements liesithin error
some degree of 3D growth or Ga—In segregation begins tbarg on the line representing the calculat®g;ni— Ne1int
occur. This inhomogeneity would result in broadening of thefor emission peaks at shorter wavelengths, this agreement
absorption edge which would increase as the strain increasesorsens progressively towards longer wavelengths. We be-
Consequently, one should expect relatively large emissiotieve that this discrepancy arises due to the large inhomoge-
linewidths. Figure ) shows the full width at half maxi- neous broadening, coupled with the following two facts.
mum (FWHM) of the EEL’s front-emission spectra, as a First, the wave functions describing the heavy-hole states
function of their front-emission peak wavelength. Theaway from the zone center have a small but fipifeeompo-
FWHM estimated on the basis of the thermal distribution ofnent. Therefore, transitions involving heavy holes at energies
carriers(see the inset of Fig.)3vas typically 8 nm, although higher than the band gap also have a weak TM component,
this would be somewhat larger if carrier relaxation effectsin addition to their strong TE componeHt** Second, in the
were included?® However, as seen in Fig(#, the measured emission process the probability of occupation of a state,
linewidths are in fact much larger than can be explainedvhich has an approximate Maxwell-Boltzmann-like energy
using these combined effects. Furthermore, the FWHMSs tendependence at room temperature, plays an important role.
to increase as the emission shifts to longer wavelengths, inA/hen the emission peaks are at shorter wavelengths due to
dicating that the absorption edge also broadens in going frorhigh Ga concentration in the QW, the strain is small and the
E1 to E5. Since we showed earlier that increased broadenirght-hole states are close in energy to the heavy-hole states,
in the absorption spectrum leads to a larger redshift of theéhe latter being lowest in energy. Under these circumstances
edge emission peaks, this also explains the observed increatse light-hole states have sufficient probability of occupation
in the redshift of the edgeTE) emission peak, with respect and thereby dominate the TM emission spectrum, and so the
to the front-emission peak, shown in Fig. 4. The increasegeak of the TM emission is close to the light-hole band edge,
inhomogeneous broadening of the QW absorption edge sugs expected. However, in moving to longer peak emission
gested that in the present set of VCSELS those that wer@avelengths, which corresponds to increasing In concentra-
designed to operate at the longer wavelengths would achiewe®n and strain in the QWA g1 hni— Ne1jn1 INCreasegsee Fig.
less than their ideal efficiency. In a subsequent design, 665), thereby reducing the relative probability of occupation of
nm QW emission was achieved by increasing the Ga concerthe light-hole states. For instance, using the results of Fig. 5,
tration from the value of 0.38 indicated in Fig. 5, but usinga shift in the front-emission peak from 633 to 651 nm would
wider wells (80 A). The resultant lower strain in this design result in a calculated drop in the occupation probability of
led to a narrower QW emission linewiditi4 nm as ex- the light-hole states, relative to that of the heavy holes, by a
pected from the above arguments. This devicéum diam)  factor of 2. Therefore, as the emission peaks shift to longer

FIG. 6. (a) (circle) Measured full width at half maximurtFWHM) of the
front EL emission spectra of the EElwith different QW Ga concentra-
tions), as a function of their front-emission peak wavelength. The dashe:
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