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Postgrowth Nondestructive Characterization
of Dilute-Nitride VCSELs Using
Electroreflectance Spectroscopy

S. AL Choulis, T.

Abstract—We report electroreflectance (ER) measurements on a
dilute-N GalnNAs vertical-cavity surface-emitting laser structure,
as a function of temperature T°, which probe the coupling between
the cavity mode (CM) and a broad quantum-well (QW) ground
state exciton. The latter is not separately observable in the ER, but,
by monitoring the coupled CM-QW lineshape, we show it has max-
imum amplitude and is anti-symmetric when the CM and QW en-
ergies coincicle at a certain Top, . This predicted Tospy is confirmed
by optically pumped lasing measurements on the same sample.

fndex Terms—Cavity resonators, GalnNAs, material testing,
optical spectroscopy, quantum-well devices, reflection, resonance,
surface-emitting lasers, transitions.

[. INTRODUCTION

[LUTE-N GalnNAs 1s a promising active region material
for vertical-cavity surface-emitting lasers (VOSELs) [1].
[2]. Incorporating only a few percent of N mnto GalnAs reduces
the band gap by ~150 meV per percent of N, allowing emission
in the telecomms range 1.3 to 1.55 gum, using well-known GaAs

technology. To obtain low threshold current and high output
power, a close match between the energy of the cavity mode
(CM) in the reflectance (f) spectrum and that of the quantum
well (QW) ground state exciton transition, 1s required at the
VUSEL operating temperature (i.e.. By = Egw) [3], and
references therein. For postgrowth characterization, simple i
measurements give Eeyg from the central dip in the high-f
stopband, but Egw is difficult to determine nondestructively
by front surface techniques due to the presence of the top dis-
tributed Bragg reflector (DBR). However, photomodulated re-
flectance (PR) sometimes shows a clear QW leature, giving
Eepw directly [4]. In other cases, we showed that Egy can be
inferred by monitoring either the amplitude [4]-[6] or phase [ 7]
of the coupled CM-QW feature in PR. Nondestructive electro-
modulated reflectance (ER) can also be used, and here, we show
how it can predict the optimal working temperature Tipy of a
representative GalnNAs VOSEL device, 1.e., the temperature
at which Egyy = Egw. We use both the amplitude [4]-[6]

Manuscript received February &, 2003; revised May 2, 2003.

S. A, Choulis is with the Blackett Laboratory, Imperial College, London SW7
2BZ, ULK. {e-mail: s.choulis@lic.ac.uk).

T. I. C. Hosea is with the Department of Physics, University of Surrey, Guild-
ford, Surrey GU2 TXH, UK. (e-mail: J.Hosea@surrey.ac.uk).

S. Ghosh is with the SSE Group, Tata Institute of Fundamental Research,
Mumbai 400 003, India.

P J. Klar is with the Depatment of Physics and Material Sciences Center,
Philipps University, 35032 Marburg, Germany.

M. Hofinann is with the Department of Electrical Engineering, Ruhr Univer-
sity Bochum, 44780 Bochwm, Germany.

Digital Object [dentifier 10.1 109/LPT.2003.815364

I C. Hosea, 5. Ghosh, P. 1. Klar, and M. Hofmann

and phase [7] methods to locate Tigy. Optical-pumping mea-
surements on the same piece of VOSEL water confirm that the

lowest lasing-threshold power is achieved at this same T

[I. EXPERIMENTAL DETAILS

The VCOSEL structure, designed for optically pumped
lasing at A == 1.3 pm [1]. has stacks of three 7-nm
{'ii.l(]_T]n[]_JN[]_[Ea.'l\..‘;[]_ﬂ_la GaAs QWs at of the four
optical antinodes of a GaAs cavity of optical thickness 2,5.
The DBRs have |6 top, and 20.5 bottom, pairs of undoped

cach

GaAs—AlAs. For the ER, a piece of as-grown wafer was held
in a capacitor-like arrangement, between two electrodes, one
being a transparent indivm-—tin—oxide (ITO)-coated glass slide
[8]. As the sample is not coated with contacts, this technique
15 essentially nondestructive. The structure 1s undoped and
has no p-n junction, so techniques hke PR, which modulate
ary built-in electrie field, do not work. Thus, 1t was necessary
to apply a fairly high ac voltage (~1 kV root mean square)
to modulate the QW and obtain an appreciable modulated
reflectance signal AR. Conventional H and AR spectra
were measured in a cryostat from ~096 to ~1.01 ¢V with
a resolution of ~2,0 meV. For the lasing studies, the sample
was optically pumped with a mode-locked (80 MHz, 100-fs
pulsewidth) T : sapphire laser at | 348 eV [1].

[[1. SPECTROSCOPIC ASSESSMENT OF THE AS-GROWN WAFERS

With cooling, Egaw blue shifts more rapidly than e,
changing their relative energy. Eou-Eow [4] Fiz. lia)
shows representative [t spectra, giving Fosy from the dip, and
Fig. 1(b) the corresponding ER spectra AR/R. No separate
W feature can be seen, and there appears to be only a simple
feature which follows Eeryy. However, closer examination
reveals subtle changes in the ER amphitude and symmetry as T
1s varied. As explamed later, we interpret this as the interaction
between the QW and CM. as Egay crosses from below Eey at
high T" to above it at low T In general, the AR/ R lineshape
of a coupled QW-CM feature 1s complicated, [4], [6]. [7].
but we showed previously that, in circumstances where only
a single simple feature is observed at Egsyg, its amplitude A
and symmetry {deseribed in terms of some phase angle @) can

-.;l

be parameterised by fiting an appropriate empirical lineshape
[7]. Several approximate descriptions are possible, but here we

and use
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Fig. 1. (a) Representative normalized [ spectra of the dilute-N GalnNAs
VOSEL structure at different T, (b) Comesponding ER spectra. Circles:
experiment (not all data points shown)., Curves: fits using empirical lineshape
function (1).

where F is the photon energy and 1" a broadening parameter.!

Fig. 1{b) shows good fits and Fig. 2 summarizes the results.
In Fig. 2(a), at 200 K. A has an obvious maximum. In Fig. 2(b),
at 200 K. @ = 07 (signifying (1} is perfectly anti-symmetric
about E = Eeyg). In Fig. 2(c), the Eepg from Htting (1) agrees
well with that obtained directly from the R spectra. Asexplained
next, the fact that the lineshape 1s both anti-symmetric and of
maximum amplitude at 200 K, indicates that Egw = Eou
(=0,987 eV), and so suggests that the VOSEL will perform best
at this Top.

IV, ORIGIN OF THE ER. LINESHAPE (HANGES
The apphed ac electric field penodically modulates the QW
via the quantum confined Stark effect, causing small vanations
in the real and imaginary parts, Agp and Ass. of its dielec-
tric function, predominantly near Egy. A general modulated
H spectrum 1s defined by [ 10]
ﬁ = ade) + 5Acz (2)
" !
where @ and [ are the Seraphin coefficients [1/R)&R /d=1)
and (1/RWER /de2). which are the fractional changes in ff due
to the modulation of g1 and g2, respectively [6], [9]. In conven-
tional ER of bulk or single heterostructure layers, the fi spec-
trum is smooth and almost featureless. Thus, its derivatives, e
and A, also vary slowly with photon energy, and the AR/ R line-
shape is dominated by Agp and Aeg, which vary rapidly near a
transition energy: e and (3 provide essentially only phase infor-
mation. In contrast, for VOSELs, the i spectrum is detailed and
its derivatives in (2 ) contain sharp features, especially near Foyg
Although formally identical to the Aspnes’s PR model, (1) is used here, only
empirically, to obtain the amplitude and phase of the CM feature.
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Fig. 2. Results of fitting the ER spectra in Fig. (b} with the empirical (1).
{a) ER amplitude. (b) Symmetry (phase) of ER lineshape. (c) CM energy.
Triangles: from the J{ spectra [Fig. 1(a)]. Circles: ER fits [Fig. 1(b]]. Squares:
lasing photon energy from the optical pumping experiments. The curve and
lines are guides to the eye.

[4], [6]. [7]. [9]: For e, the modulation of the QW £1 and, thus,
refractive index. alters the active region optical thickness and,
thus, Eesg, and leads to an anti-symmetric first-derivative-like
dispersive lineshape for e, centred on Egyg. For 3, the modu-
lation of the QW g2 and, thus, absorption, alters the CM depth,
giving a symmetric peak-like (or dip-like ) absorptive lineshape,
centred on Fioyp. Thus, in general all four parameters in (2 ) have
arole in the lineshape of the coupled CM-QW feature.

In the most favorable situations, the top DBR reflectivity 1s
not very high and the width of the CM dip, I'ayg. 18 larger
than, or comparable to, I'gyy. the inhomogenzous broadening
of Egw. Then, if By and Egar are reasonably well separated,
independent QW and CM features can be seen in AR/, cen-
tred on Egny and Egyy. respectively [4]. [6], [9]. Furthermore,
provided Iesg & gy and are small, then. if Egw and Eeyg
can be made to cross by tuning 77 (as here, or via pressure, inci-

dence angle, or waler position), we can observe a resonance in
the AR/R amplitude when Egw = Eca [41-16]. [9].
However, when the top DBR reflectivity is high and I'gay 2
g (as we believe occurs here), one observes no independent
QW feature, but only a single feature centred on Egyy. thus,
apparently precluding a measurement of Egw using the above
techniques. Nevertheless, it may still be possible to infer Egyy:
in the coupled CM-QW lineshape. when Egw and Eqyp are
nearby. ex and 3 now play the dominant role, as they vary more
rapidly in energy than Agy and Asz. which determine essen-
tially only the sign and relative contribution of ¢ and 3 to the
spectrum [ 7]. Tt is well known that Asa has a zero at Eepee. while
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Fig. 3. T -dependence of threshold optical pumping power, required for the
VCSEL to lase. The curve is a guide to the eye.

Ay is at an extremum [7]. Here, since Tow 2 Toag. it is rea-
sonable to approximate that in the neighborhood of Egny, Az,
and Aes are both constant, with Az 2% Ass. Thus, when
Fgw = oy Asg is negligible near Egyp and (2) shows that
the fineshape assumes essentially the anti-svmmetry of the ¢
Seraphin coefficient alone. When Eqw # Eong. the lineshape
is no longer anti-symmetric about Eoyg as Agp 1s now not ap-
proximately constant near Feyg. Also, Ase may no longer be
negligible near Fioyp, so lineshape nonanti-symmetry could alse
arise because of admixture of v and 3 terms. If' ¢ & 3. the line-
shape will essentially be given by the first term in (2 ) and, mn ad-
dition to the anti-symmetry when Egw = Eoyy. an amplitude
resonance may also be seen because Agy at Egyg falls off as the
QW moves away either side of Eeyp. Since Agy 3 Acg over
quite a wide energy range about Fgyy. this amplitude resonance
may even be seen when cv 22 3. The actual magnitudes of ¢x and
G depend on sample details, but we showed earlier that their
lineshapes can be accurately parameterised by expressions like

(13 17]. To summarize, in these circumstances, the lineshape of

the coupled QW-CM ER feature becomes anti-symmetric about
Fepg when Egw = Eoag. and, depending on sample details,
may also exhibit an amplitude resonance.

Here, the f spectra [Fig. 1{a)] show the CM wadth 'y 5
10 meV. From measurements on QWs grown under similar con-
ditions, but without DBRs, we estimate gy = 40 meV, which
tallies with the fact that N incorporation increases ey [2].
Thus, since Iy 2 Do, the lineshape is certainly expected to
be anti-symmetric when Egyw = L. Moreover, the optically
pumped device should consequently lase over a large photon
energy range and, thus, a large 1" range. The emitted photon en-
ergy should essentially follow Eoyy inthe & spectrum. Since the
anti-svmimetry and amplitude resonance are both observed for
the present VUSEL at the Ty where Egpy = Egyp (Fig. 2) we
surmise from the above arguments that eitherex 3 § or o sz 5.

V. DEVICE VERIFICATION

To test our ER predictions, the same waler piece was opli-
callv excited. Fig. 3 shows the measured T-dependence of lasing
threshold optical pump power: minimum average pump power
is 20 mW and occurs at ~200 K, the same Tip, predicted by
the ER where Fow = Eonp. Fig. 2(c) confirms the other pre-
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dictions: lasing photon energy equal to Eeyg, and broad oper-
ating T-range. The full physical origin of the latter aspect is ex-
plored elsewhere but is due to an intrinsic property of dilute-N
GalnNAs, namely the existence of discrete band gaps arsing
from five different possible nearest-neighbor N-configurations,
which significantly broadens the QW gain spectrum [2].

V1. CONCLUSION

We have shown that ER measurements, using an ['TO-on-
glass electrode 1s useful for postgrowth characterization of V-
SELs, does not require destructive deposition of metal contacts,
and 1s well suited to predicting the device optimum working
temperature. In contrast, PR has sample-dependent constraints
on the wavelength and power of the pump laser, for it to reach
the WCSEL active region, and PR spectra can be distorted by
photoluminescence backgrounds, especially at low T°2 We have
shown that, despite a large inhomogeneous broadening of the
GalnNAs QW exciton, and the absence ofany QW feature in the
ER, our technique 1s capable of accessing the excitonic ground-
state transition and its resonance with the CM. This work ex-
tends the potential of electro-modulation as a postzrowth char-
acterization measurement of the CM and QW in structures such
as VUSELs and resonant-cavity hght-emitting diodes.
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