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Abstract: Photomodulated reflectance (PR), conventional reflectance (R), and edge emission 
electroluminescence (EL) studies are performed at room temperature on bare as-grown wafers of 
GaInP/AlGaInP/AlGaAs resonant cavity light emitting diode (RCLED) structures, designed for 
red emission (650-670 nm). The interaction between the cavity mode (CM) and the quantum well 
(QW) excitonic transitions is altered by varying the angle of incidence of the probe beam, which 
shifts the CM wavelength, but not the QW PR features. Both features are clearly observed in the 
nondestructive, noncontact, PR measurements, at all angles of incidence, although only the CM 
feature is visible in the R spectra. A higher order QW transition is also observed in the PR. Close 
to the resonance between the CM and QW transitions, an enhancement of the PR signal is clearly 
observed. This could provide a sensitive way of qualifying RCLED wafers prior to fabrication, 
and estimating device yields. To refine the analysis, the PR spectra are also fitted with simplified 
version of a line-shape model developed in our previous studies on vertical-cavity surface- 
emitting laser structures. Finally, an edge emission EL method, which does not need direct 
electrical contacts, is used as an easy way of confirming the QW ground state transition. The 
application of these techniques to RCLED characterisation and fabrication is discussed. 

1 Introduction 

Light emitting diodes (LEDs) are important devices in 
communications and optical displays. However, conven- 
tional LEDs have several inherent drawbacks, such as low 
efficiency, wide angular emission, broad spectral linewidth 
and low modulation speed. There is increasing interest in 
new devices such as resonant cavity LEDs (RCLEDs) that 
can be designed to have enhanced output, low divergence 
output beams, high spectral purity, good temperature 
stability and higher modulation bandwidth [ 1-31. 

An RCLED consists of an active region containing 
quantum wells (QWs) embedded in a Fabry-Perot (FP) 
resonator, defined by two distributed Bragg reflector 
(DBR) stacks. This is similar to a vertical-cavity surface- 
emitting laser (VCSEL) but the mirrors do not need to be 
as highly reflective (typically R > 99%, for VCSELs), 
usually R>95% for the RCLED bottom DBR and 
R=50% to 95% for the top DBR. This makes an 
RCLED easier, quicker and cheaper to prepare than a 
VCSEL. The output power of a visible (-650nm) 
RCLED is more thermally stable than a 650nm VCSEL 
because its operation does not depend on maintaining a 
lasing threshold against rapidly rising leakage current and 
free carrier absorption losses. The RCLED is typically a 
very large device (100-200 pm in diameter as opposed to 
< 10 pm for VCSELs) and operates at a much lower 
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current density, where leakage and self-heating are rela- 
tively minor issues. For 650nm VCSELs, C.W. output is 
restricted to - 100 pW at 20°C, and has not been demon- 
strated at all above 50°C, while RCLEDs giving > 500 pW 
up to 70°C are commercially available at this wavelength. 
The RCLED thus holds more potential for low-cost appli- 
cations. They are an ideal source for polymer optical fibre 
systems [3], where modal dispersion limits the transmis- 
sion speed, and there is no requirement for the higher 
modulation bandwidth and reduced spectral linewidth of 
the VCSEL. 

The interaction between the FP cavity and the DBRs 
supports a single longitudinal optical cavity mode (CM), 
producing a sharp dip in the R spectrum at the wavelength 
A,,, which needs to be near the centre of the high 
reflectivity stop band. As with VCSELs, it is crucial to 
the RCLED operation that the QW emission spectrum 
(centred at a wavelength Law) is aligned appropriately 
with ,IcM at the device's working temperature. To ensure 
efficient coupling of the QW emission out of the RCLED, 
,IQw should be slightly below ACM, since wavelengths 
above ,IcM cannot exit from the cavity, while shorter 
wavelengths are emitted at angles away from the normal. 
The optimum choice depends on the QW emission line- 
width, the numerical aperture of the fibre to be used, and 
compromises between speed and efficiency. Therefore, a 
nondestructive characterisation of the relative positions of 
AQw and ,IcM is of importance to the manufacturer, to 
check that growth has met the specifications, before 
committing to the expense of full device fabrication and 
processing, and to aid in growth calibration. 

The R spectrum of an RCLED is determined by the 
physical structure of the DBRs and cavity, and yields ,ICM, 
but generally provides no information about ,IQw. Hence, 
R spectroscopy is not useful for checking the degree of 
mismatch between the two. To our knowledge, photo- 
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modulated reflectance (PR) is the only noncontact, nondes- 
tructive method of doing this, as it is able to detect signals 
from both the CM and QW [4, 51. Furthermore, when the 
angle of incidence dint of the monochromator light is 
increased away from normal incidence, ,IcM decreases 
(due to the changing optical thickness of the cavity), but 
the QW transitions remain unaffected. Therefore, this 
allows us to control to some extent the degree of overlap 
between the CM and QW features in the PR measurement. 
Here, we are able to use this method to tune the two 
features in and out of resonance at room temperature. 
Furthermore, at such resonances, the PR signal is 
enhanced, providing a simple quick way to estimate the 
QW ground state energy [4, 61. We present detailed room 
temperature R and PR studies as a function of Oinc for 
pieces of bare as-grown red-emitting RCLED wafers. To 
refine the estimates of the QW transition energies from the 
resonance effect, we also fit the PR spectra with a simpli- 
fied model for the PR modulation of the coupled cavity and 
exciton mode [4, 7, 81. From this we obtain the energies of 
two QW transitions detectable in the experiments: the 
ground-state (el hhl , here, which denotes the transition 
between the first confined electron and heavy hole states) 
and a second higher-order, transition. 

Finally, although PR allows us to determine the QW 
emission wavelength in a totally nondestructive noncontact 
manner, we provide additional corroborative measurements 
using edge emission electroluminescence (EL) techniques 
[9, 101. 

2 Experimental details 

The four RCLED structures studied (samples A-D) were 
grown by metal organic chemical vapour deposition on a 
GaAs substrate and comprise unstrained Gal -,InyP QWs 
in an (AlxGal-x),- In,P Fabry-Perot cavity layer (of 
optical thickness -6 sandwiched between p+ and n+ 
doped DBR stacks comprising typically 10 (top) and 30 
(bottom) pairs of AlxIGal -,,As/Al,,Ga, - x 2 A ~  layers. The 
samples differed in the numbers of QWs and DBR pairs 
but were all intended to operate near 650-670nm (1.907- 
1.851 eV). 

Simultaneous PR and R measurements were made in air, 
using a conventional arrangement (see Fig. 1) described 
previously [l 11. Modulation was provided by a mechani- 
cally-chopped (178 Hz), air-cooled 29 mW, green (514 nm) 
argon ion laser, with power attenuated by a neutral density 
filter to - 0.9 mW. The sample was mounted on a turntable 
arrangement which allowed the angle of incidence, Bin,, of 
the probe beam (supplied by a conventional tungsten- 
halogen lamp and monochromator arrangement) to be 
varied accurately between - 13" and - 70". 

To provide additional confirmation of the noncontact, 
nondestructive PR results, edge emission EL experiments 

sional 

Si detector A C ( ~ R )  

filter t v  

sample on 
turntable 

reference I computer I 
chopper \/aser 

Fig. 1 

70 

Schematic of the variable-angle PR experimental arrangement 
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Fig. 2 Sample holder used for the separate EL experiments 

were performed in a conventional fashion, the novel feature 
here being the sample holder (see Fig. 2), the details of 
which were published earlier [9]. The sample, - 10mm2, 
was placed between two electrodes: a lower copper plate 
ground electrode, and an upper glass slide coated on its 
inner surface with conducting transparent indium tin oxide 
(ITO). The upper IT0 electrode was pressed gently against 
the sample, but at a slight angle so that actual contact was 
only along the sample's cleaved edge. Thus, current flowed 
preferentially through a thin strip along this edge, from 
which EL was emitted. The EL was excited by a positive 
square-wave voltage applied to the transparent electrode: 
the resulting current densities were typically < 20 Acm-2, 
too small to cause any sample damage or broadening of the 
EL peak [lo]. Since the samples must be cleaved to be 
mounted, and to provide a clean edge for the emission, our 
EL method is not truly nondestructive. However, we do 
circumvent the need to form destructive metallic contacts 
on the sample. Furthermore, since the samples are touched 
only gently, they can still be used for later fabrication into 
research devices. 

The EL sample holder could be easily re-oriented with 
respect to the monochromator input slit to measure either 
the emission out of the wafer surface (front emission, 
through the DBRs and ITO) or at right angles to this, out 
of the sample edge (see Fig. 2). In the latter geometry, we 
measured the transverse electric (TE) polarised emission 
(polarisation parallel to the plane of the QW) because this 
is the same polarisation as the normal RCLED front 
emission. 

In the edge emission EL experiments, the instrumental 
resolution (FWHM) used was - 2.6 nm, corresponding to - 8 me% over the wavelength range of the measurements. 
This was sufficient, due to the wide edge emission EL 
(FWHM -50meV). In the PR, R and front emission EL 
experiments, the instrumental resolution was tightened to - 1 nm, i.e. - 3 meV, much less than the FWHM (- 10- 
17meV) of the QW and CM features in the present 
RCLEDs. However, sample D had rather weak PR signals, 
so in the angle-dependent measurements we had to use the 
poorer resolution: - 2.6 nm (- 8 meV). The signals were 
recorded with a conventional Si-detector/lock-in amplifier 
arrangement. The R and EL spectra were corrected later for 
the effects of instrumental response. 

3 Theory of the PR lineshape 

In general, a PR signal is described by [12]: 

_ -  AR - a d ~ ,  + PAC, 
R 
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where 

(2) 
1 dR p=--  

RdE, ' R de, 
1 dR 

a = -- 

where a and p are the Seraphin coefficients, and Ae, and 
AE, the real and imaginary parts, respectively, of the 
modulated complex dielectric function. In conventional 
PR studies of bulk materials or single layers in hetero- 
structures, the R spectrum is smooth and almost feature- 
less. Thus, it is usually assumed that its derivatives, a and 
p, are also slowly varying functions of wavelength, and 
that the PR line shape is dominated by that of Acl and Ac2 
(for which conventional models may be used [ 131): essen- 
tially, a and p provide only phase information. However, 
we showed previously that this is not the case for VCSEL 
structures, where the R spectrum is detailed and the 
derivatives in eqn. (2 )  contain sharp features, especially 
near the CM energy [4, 81. In the case of a, the modulation 
of c l  of the QW, and thus the refractive index, alters the 
CM energy, and leads to a first derivative-like, dispersive, 
line shape for a, whereas for 0 the modulation of of the 
QW, and thus the absorption, alters the CM depth, giving 
an absorptive, peak-like, line shape. We previously devel- 
oped empirical Seraphin coefficient line shapes to model 
these results in VCSELs [4, 81. Here, we used a simplified 
version of this model where a is considered negligible 
compared to p, an approximation which is valid in the 
vicinity of the CM because here the a dispersive profile 
crosses zero, whereas the p absorptive profile is maximum 
[7, 81. Eqn. 1 shows the PR is now given by the product of 
two strongly varying functions, (centred on the CM 
energy) and AE, (centred on the QW transition energy). 
If the line widths of these two features are not too different 
from each other, it may be seen that a resonant enhance- 
ment of the PR signal amplitude will occur when the 
VCSEL CM and QW energies are in proximity. Due to 
their very similar structure to VCSELs, we may assume 
that these results also hold true for RCLEDs, and we will 
use this enhancement property later as an essential feature 
of the characterisation spectroscopy. 

4 Results and discussion 

Fig. 3 depicts typical normalised 300K R spectra, for the 
example of RCLED sample C, in the spectral region near 
the CMleIhh1 resonance, for the probe beam Oinc ranging 
from 13" to 65", showing a smoothly shifting cavity dip 
[ l l ]  (an example of the full R spectrum, at normal 
incidence, is included in Fig. 7). However, there are no 
discernible features in Fig. 3 associated with the QW, the 
only hint being that the CM dip is somewhat shallower 
when its energy is below elhhl (determined later to be - 1.93 eV), than when it is near and/or above, where it is 
roughly twice as deep. 

Fig. 4 shows the corresponding PR spectra for sample C, 
which clearly reveal two prominent main features, attribu- 
table to the moving CM and the stationary QW elhhl 
exciton (- 1.93 eV). Also, a higher order QW transition 
(- 1.96 eV) is noticeable at higher angles of incidence 
(-50" and above). The energy of the CM PR feature 
increases with 8,, , in accordance with the corresponding 
dip in R (Fig. 3), and hence crosses the two QW transition 
energies. Here, the resonance between the CM and elhhl 
occurs around 35". 

From Fig. 4 it may be seen that the PR signal is 
enhanced by a factor of -5  at resonance, relative to the 
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Fig. 3 Normalised room temperature R spectra of the RCLED structure, 
sample C, as a function of angle of incidence, O,,, 
arrow indicates cavity mode (CM) moving steadily from low to high energies 
with increasing D,,, 
baselines of the spectra are offset vertically, for clarity 
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Fig. 4 The room temperature PR spectra of the RCLED structure, 
sample C, corresponding to the R spectra in Fig. 3, as a function of 
incidence angle Bine 
0 experimental measurements, ~ fit with the model described in the text 
for clarity, the baselines of the spectra are offset vertically, by units of 1.5 x 
figures on the left indicate multiplicative scaling factors 
vertical dashed lines indicate the energies of the ground state QW transition and 
the next higher order transition (h.o.t.), as determined by several methods 
described later 
solid arrow traces the position of the cavity mode (CM), from Fig. 3 
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Fig. 5 Variation of the cavity mode energy as a function of angle of 
incidence, as determined from the positions of the cavity dip in the room 
temperature R spectra of Fig. 3, for the RCLED structure, sample C (upper 
plot). Amplitude of the PR signal of the same sample, as determined from 
Fig. 4, by measuring the difference between the maximum and minimum PR 
signals at any given angle, near the cavity mode energy (lower plot) 
curves are a guide to the eye 
vertical and horizontal arrows show how the QW ground-state transition energy 
is estimated from the peak position of the lower plot, by using the corresponding 
variation in cavity mode energy with angle (upper plot) giving a value of 
1.928 eV 

signal at 13" [Note 11. This provides a convenient, quick 
and easy way of estimating the QW ground state transition 
energy. Fig. 5 (lower plot) shows the amplitude of the PR 
signal, while the upper plot shows the CM energy (taken 
from the R spectra), both as a function of By 
assuming that the CM and elhhl energies are virtually 
equal at the resonance [4, 6-8, 111 we estimate the latter as 
follows. From the angle at which the maximum PR 
amplitude occurs on the lower plot, the corresponding 
CM energy at the same angle on the upper plot gives a 
value of 1.928 z t  0.005 eV, where the error is due to the 
uncertainty in locating the maximum in the PR amplitude. 
One reason for this is that the line shape of the PR signal 
becomes quite complicated when the CM and a QW 
feature overlap (see Fig. 4). It is therefore useh1 to use 
line shape modelling to confirm and refine the above 
estimate of the QW transition energy. 

The fits to the experimental data using the model 
discussed in Section 3 are shown in Fig. 4 as curves. 
Clearly, the quality of the fit is very satisfactory, reprodu- 
cing both the shape and the signal strength at resonance. 
This also allows the energy of the second, higher order, 
QW transition to be extracted, though it may be noted that 
this is somewhat more difficult, as its resonance occurs 
very soon after the first one and close to the physical limit 
of the angle of incidence in the experiment. 

Fig. 6 summarises the results of the PR fitting of sample 
C in Fig. 4. It may be seen that the fitted values for the CM 

Note I:  This represents a somewhat smaller amplitude resonance effect 
than we observed previously in VCSEL s t r ~ c t u r e s ~ ~ ~ ~ ~ ~ ~ ~ ' '  
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Fig. 6 Results offitting the PR spectra of sample C in Fig. 4 
A energies of the ground state QW transition, and the next higher order 
transition (h.0.t.) 
0 corresponding fitted cavity mode energy 
0 the energy of the cavity mode as obtained from the positions of the cavity dip 
in the R spectra of Fig. 3 
lines are a guide to the eye 

and elhhl energies agree well with the corresponding 
results from the R spectra (Fig. 3), and the PR resonance 
behaviour (Fig. 4), respectively. The elhhl, and higher 
order, transition energies remain fairly constant with 
increasing elnc (at 1.930 eV and 1.959 eV, respectively), 
as expected, apart from an anticrossing/level-repulsion 
behaviour displayed near the resonances. Such an effect 
has been observed before, in VCSELs, but current thinking 
is that this is not indicative of a strong coupling, Rabi 
splitting, behaviour [4, 81. 

I I I I I I I 

1.75 1 1.80 1.85 1.90 1.95 2.00 2.05 2.10 

energy, eV 
Fig. 7 Sample C: Normal incidence normalised room temperature R 
spectrum for RCLED structure (upper curve). Electroluminescence (EL - 
second curve) emitted out the front surface (through the DBRs and IT0  
electrode), showing misleading peaks due to the filtering effects of the R 
spectrum. Lower curve shows the EL emitted from the cleaved edge of 
sample C, in the TE polarisation (E-vector lying in the plane of the QW), 
giving a much truer representation of the QWemission. 
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Table 1: Summary of the results obtained for all RCLED 
samples (all energies are in eV): the cavity mode (CM) 
energy from R measurements at normal incidence; the 
edge emission TE polarised EL; the QW elhhl  transition 
energy from PR (the amplitude resonance and line shape 
fitting methods, respectively); and the energy of the 
observed QW higher order transition also from fitting 
the PR 

RCLED CM Edge EL e l h h l  e l h h l  Higher order 
sample R(O,,,=O”) peak PR PR f i t  transition 

resonance PR fit 

A 1.866 1.904 1.900 1.906 1.938 

B 1.878 1.909 1.902 1.908 1.930 

C 1.900 1.933 1.928 1.930 1.959 

D 1.852 1.899 1.900 1.892 1.911 

Finally, Fig. 7 displays three further spectra for sample 
C: the full R spectrum at normal incidence, the front 
emission, and edge TE polarised, EL spectra. From the 
first two curves, it may be seen that the front emission EL 
has misleading peaks reflecting the various dips in the R 
spectrum and therefore gives little clue as to the true QW 
emission energy. However, the edge emission EL is clearly 
unaffected by the DBRs and is close to the true lumines- 
cence spectrum, with a peak near 1.933 eV, which agrees 
well with the earlier results from the PR amplitude reso- 
nance and fitting methods. Furthermore, by exciting the EL 
close to the edge, the spectrum is kept free from the 
waveguide effects seen in other studies [14, 151. It 
should be noted, however, that one cannot in general take 
the edge-emission EL as the ‘true’ QW emission peak, due 
to re-absorption effects which can slightly red-shift the 
edge emission [IO]. However, in the present study, the red 
shifts are thought to be minimal (< 1 nm). 

Similar results were obtained for the other three RCLED 
samples, A, B and D, as summarised in Table 1. The edge 
emission EL, and PR fitting, methods give accurate and 
comparable results for the QW ground state energy (agree- 
ment to within an average, over the four samples, of - 3 meV). The estimates from the PR resonance method 
also agree quite well with these (to within an average, over 
the four, of - 5 meV), confirming its use as a quick easy 
method of inferring the QW energy. For samples A-C, the 
CM lies an average of -32meV below the QW ground 
state transition energy (averaged over columns 3-5 of 
Table 1). However, for sample D, the corresponding 
average displacement is much larger, at - 45 meV For 
A-C the fitted QW higher order transition lies an average 
of - 28 meV above the fitted ground-state transition, while 
for sample D the difference is only - 19 meV Combined 
with the weaker R and PR signals observed in sample D, 
we infer that it is somewhat further out of specification 
than the other three RCLEDs. 

Note that, because of commercial sensitivity, design 
details of the present RCLEDs were not provided, so we 
are unable at this time either to compare the measured CM 
and QW transition energies with theoretical predictions [4, 
7, 8, 111 (and so possibly refine the QW composition and 
width), or to identify the observed QW higher order 
transition. 

5 Conclusions 

We have studied the resonance between the CM and QW 
ground state exciton in GaInP/AlGaInP/AlGaAs as-grown 
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visible RCLED structures at room temperature by angle- 
dependent R, and noncontact, nondestructive PR spectro- 
scopy. When the CM overlaps with the QW ground state 
transition, the PR signal is enhanced. This provides a 
convenient, quick and easy way of estimating the QW 
ground state transition energy and its position relative to 
the CM, and the uniformity of this alignment across the 
wafer. Such knowledge is useful to avoid wasting valuable 
fabrication time on out of specification wafers and is, 
therefore, of interest to the growth industry. We have 
also successfully used PR line shape fitting to determine 
with precision the value of the both the ground state, and a 
higher order, QW transition. Edge-emission EL confirmed 
the QW emission energy, again in a virtually nondestruc- 
tive way, Such knowledge of the QW ground state and 
higher order transitions can be used to deduce valuable 
information about the well width, composition and strain. 
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