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ELECTRIC-FIELD DEPENDENCE OF ELECTROREFLECTANCE AND PHOTOCURRENT M/
SPECTRA AT VISIBLE WAVELENGTHS IN MOVPE-GROWN InAlGaP MULTIPLE
STRAINED QUANTUM-WELL STRUCTURES

I. J. FRITZ, O. BLUM, R. P. SCHNEIDER, Jr., A. J. HOWARD AND D. M. FOLLSTAEDT,
Sandia National Laboratories, Albuquerque, NM 87185

ABSTRACT

We present electric-field dependent electroreflectance and photocurrent spectra of visible-
bandgap Iny(AlyGaj.y)1-xP/Ing'(AlyGay.y)1-xP multiple-quantum-well (MQW) structures.
These structures, grown by metal-organic vapor phase epitaxy on 6°-misoriented (100) GaAs
substrates, have undoped MQWs sandwiched between doped Ing sAlg sP layers, forming p-i-n
diodes. Quantum-well compositions in the range 0.46<x<0.52 and 0<y<0.4, corresponding to
bandgaps in the red to yellow-green range, were used. The Stark shifts in these various samples
were measured and found to depend on the details of the Mg p-type doping profile, confirming
important diffusion effects, in agreement with secondary ion mass spectrometry and capacitance-
voltage data. Our results show that these new materials are promising for visible-wavelength
optical modulator applications.

Materials from the InAlGaP system grown on GaAs substrates have potential optoelectronic
applications at visible wavelengths in the green to red range. Recent successful development of
vertical-cavity surface-emitting lasers! and resonant-cavity light-emitting diodes2 suggest that
vertical-cavity electro-optic modulators3 should also be feasible with these materials. Optical
modulators generally operate from the large near-bandgap changes of absorption and refractive
index induced by electric fields in quantum-well structures (i.e., the quantum-confined Stark
effect,4 or QCSE), but field effects in InAlGaP heterostructures have not been studied yet. It is
not obvious whether material optimized for emitters will be suitable for modulator applications.
While high-temperature and off-axis growth have eliminated sublattice ordering, these materials
still have nano-scale compositional variations, as seen in transmission electron micrographs.®
Furthermore, issues of dopant incorporation and diffusion in these materials have only recently
begun to be addressed and are crucial for modulator development.

The conditions of our low-pressure MOVPE growth have been described previously.5 To
minimize sublattice ordering, we grew at 775 °C on GaAs substrates misoriented 6° from (001)
towards the nearest {111}A. A schematic of our samples is given in Fig. 1. The 0.5-pm thick
active regions consist of 255 periods of nominally undoped Inx(AlyGal-y)l_xP/
Inx'(Alvaal_y-)l_va multiple quantum wells (MQWs). Surrounding the active regions are n-
and p-type cladding layers of InAIP (lattice matched to the GaAs substrate). The lower cladding
layers are 0.6 wm thick, doped to 2x1018 cm=3 with Si, while the upper ones are 0.2 um thick,
doped to 8x1017 ¢cm-3 with Mg,

In TableI we give more details of the four individual samples (A-D) studied here.
Sample A has tensilely strained (0.3%) Ing 46Gag 54P quantum wells and compressively strained
(0.3%) Ing 52(Alg 7Gag 3)9 48P  barriers. Sample B has compressively strained
Ing 50(Alg 4Gag 6)0 48P  quaternary  quantum  wells  and  tensilely  strained
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Ing 46(Alg 7Gag 3)0.54P barriers. Samples C and D

p- A Gahs cap have unstrained layers of Ing49Gagp 5P and

p Ing sAL 5P cladding Ing 49(Alg 5Gag 5)0 51P in their MQWs.  These
samples are identical except that sample D has a
i InAIGaP superiattice _— nominally undoped setback layer, 100 nm thick,

|

adjacent to the MQW region in the upper cladding
layer. This setback layer was included to reduce

N Ing sAl 5P cladding possible Mg diffusion into the MQW region. We list
the bandgap wavelengths of our four samples, as
n* GaAs substrate determined  from  room-temperature  photo-

/ luminescence, in the last column of Tablel. The
bandgaps span the range from red (640 nm) to
yellow-green (583 nm).
Fig. 1. Schematic of the quantum-well Sample A was studied by <011> cross-section
structures studied. transmission electron microscopy (TEM). The
diffraction pattern showed no evidence of sublattice
ordering, consistent with the high growth temperature
and misoriented substrate. Diffraction from the MQW superlattice was observed and yielded a
periodicity in agreement with the target values of Table I. The TEM images show an irregular
wavy contrast on a scale of ~10 nm - 100 nm, as seen in Fig. 2. The exact origin of this structure
is not known, but is likely due to compositional variations, e.g. a spinodal-like decomposition.6
Mesa-isolated devices were fabricated with standard photolithographic techniques, with a
H3PO4:Hp09:HyO (1:4:45) etch for the GaAs/AlGaAs cap layer, followed by an
H3PO4:HCI:HO (10:5:3) etch for the phosphide materials.” Rings of Ti/Au contacted the p-
type GaAs cap layers and GeNiAu contacted the substrate side of the wafers. Electroreflectance
(ER) spectra were taken at room temperature at various dc bias levels with a 0.4-V peak-to-peak
square wave voltage modulation superimposed. Spectra were taken at 0.5 V intervals between
1V and -1V applied dc bias, and at 1 V intervals between -1 V and -7 V (samples A and B) or
-8 V (samples C and D). Where 1 V intervals were employed, linearly interpolated spectra were
generated at 0.5 V intervals to smoothen the appearance of surface and contour plots of the data.
Room-temperature photocurrent (PC) spectra as a function of bias were obtained using chopped
light to reduce noise caused by voltage fluctuations.
A two-band envelope-function calculation was used to predict the energies of the various

Table I. Structural and compositional parameters for the present samples, along with
the band-gap wavelengths determined from room-temperature photoluminescence.

Quantum well Barrier p-doping
X y dyw X' y' dp setback Bandgap
Sample (nm) (nm) (nm) (nm)
A 0.46 0 10.6 0.52 0.7 9.4 0 630
B 0.52 0.4 9.4 0.46 0.7 10.6 0 583
C 0.49 0 10.0 0.49 0.5 10.0 0 640
D 0.49 0 10.0 0.49 0.5 10.0 100 640




arantom el treaions T Paranseters an this
]

catvubation e sohar to thoee teed recentiy b

cther workers 0 To calenlare the ol

duced encres Tevel <hufte, we use o tennehnge

cotie et
resorance caboubaroens avan om the two b
i k'li‘i‘k' ortic Do .”‘P]\“.‘:HLHI\'U

Representative datin rom somple 4
shonvnam b 5 Cuve Co e the sero b Pt
spoectinme corve (h the cero b TR et
and corve coy the SN PR spectim We fune
mdicited the calcetted positions o severa
quantam o well tansaons e the notation ok
where o electon quamum les el mdes ¢ hode
mdes and b M theans Boler o bodhioht holey
Wesee that there are distinct spectal featares m
both the FR and PO spectra near the predicted
v heavy-hole tranations, but that the hight-
hole transitions are not separately resolved  For
the structures studied heres the T 1o 1
separation s predicted tobe small ¢ 3
Addmonal spectral features mocurve (hy appen
due to g superposition ol several vather hroad
and overlapping tansiions

In TR spectra transitons sch both e and
Iohrend to e weak s becanse the Staik shofis Lo
o HEM micreeraph b sampie A these transitons are much seatler than o
transttions v olvinge cround-state fevels Thus

for large  clectne fields where the vz

tansmons become allowed we expectthe 2TH and 12H tansiions 1o donnnate the above-gap
reviig !

Ly

The predicted pestions of these tansitions are mathed on the 3\ spectiom and are

i reasonable qercement wath the posations of observed lmes

In e b we Shone the bus dependence of the photocarient spectiam of wamede A \Wih
: !

mereastoe clecte teld the spectia brogden and shift o Tonper wan elensth s exvpected from the
QONE - Note that pear odonny there sa sienficant chanee i absorpion with b tha could be
aedim medulator devee apphicatons The quenching of the band edee exaton wls tichd o
gquite raprd i the present samples doe o the Targe eflfective nisses i these nterds

et o GaeNs gueatam welbo and s also o field nonunornunies sremmne fom Mo dopan

becanse ob s deriona e mature FROspectioscopy vives o clearer vien o choctnne held
cilects than does PO spectioewcopy We demonstrate this advantaee o booe STE FERSETRRRY
cotitorr s ot the PRt o0 e clenth s g ton thie fon ‘-..11‘;;‘?"‘\ ST LA Lty e
Do ondy the ponn o TR nad wnc e sadthorent Tor dlastatone the Nk e
Pyay roan o AUTEREREN FERT oot poten
JEERIETRRRN e et o re e by b Yo 5 o
Cheosnec e an o wth i i vt
Coved tear DN T W bichiea foths ol
pothe NTOM o e et ~ i !
e e v oo tont ot (CoN BRSTER




@
2 =10
= < i
a Jos
c =
< g s
« 06
E <
E: 5 o4
st
3 o2
g ool L -
NP PSP W R R 580 600 620 640
550 575 600 625 650 WAVELENGTH (nm)
WAVELENGTH (nm)
Fig. 3. Photocurrent (a) and electro- Fig. 4. Photocurrent spectra of sample A at
reflectance spectra (b) and (c) of various bias voltages.

sample A. Curves (a) and (b) taken at
0 V bias, curve (c) at -3 V.
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this sample shows a slow depletion with bias voltage and a relatively high background doping
level (~3x1016cm'3). The presence of possible space charge regions in the sample makes
estimates of the electric field at various bias voltages somewhat uncertain. Nevertheless, the
overall trend in the position of the bandgap with bias agrees with our calculations and
demonstrates that a strong QCSE can be achieved in InAlGaP quantum-wells. Figure 5b gives
the results on sample B, which has quaternary quantum wells and demonstrates that a significant
Stark shift can be observed (587 nm to 596 nm with 7 V of reverse bias) at yellow-green
wavelengths despite rather shallow quantum wells,

The ER contours for sample C are shown in Fig. 6a. The Stark shift of ~15 nm (44 meV) is
clearly visible. Figure 6b illustrates the results from sample D. This sample is identical to
sample C, except for the doping setback, but the bias dependence of its ER spectrum is
significantly different, with a total Stark shift of only ~5 nm. The striking difference between
samples C and D reflect the importance of background doping and dopant diffusion in our p-i-n
diode structures.12 The Mg doping profiles obtained from secondary ion mass spectrometry
(SIMS) in sample C show a Mg doping tail extending ~150 nm into the MQW region. Although
this doping tail causes some electric field inhomogeneity in the MQW, the C-V profile shows
that ~400 nm of the MQW (i.e., 80% of the total thickness) is depleted at 0 V bias, so that large
fields are present at reverse biases, explaining the achievement of large Stark shifts.

In contrast, the SIMS results on sample D show no Mg tail in either the setback layer or the
MQW, but instead a higher, nearly constant Mg background (~2x1016¢m-3) in these regions.
The C-V profile shows a very slow depletion with bias, requiring -3 V for significant depletion.
In addition, the capacitance has an anomalous frequency dependence, suggesting possible slow
charge transport in the structure. These C-V anomalies may be related to the different
background doping levels in the cladding and superlattice regions, which remain to be
characterized. For example, a large n-type background in the cladding layer could produce a
potential barrier opposing the applied bias field, thereby explaining the lack of a uniform field and
the resultant small Stark shift.

In summary, we have studied electric-field effects in a variety of InAlGaP quantum-well
structures including structures with quaternary quantum wells and structures with strain in both
quantum-well and barrier layers. Our results show that well-defined Stark shifts can be observed
in samples with bandgaps in the red to yellow-green wavelength range. Background doping and
dopant diffusion effects have been observed with SIMS and C-V profiling and generally correlate
with degradation of the Stark effect. Our results demonstrate that InAlGaP materials are
promising candidates for optical modulator devices at visible wavelengths.
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