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Optical transitions are investigated systematically by excitation-density dependent photoluminéBegnce
magneto-PL, and reflectivity spectroscopies in orderedra,P/ (Al 6§Gap 39In; P quantum-wel(QW)
structures with different strain, substrate orientation, and capping layer. Blueshift and narrowing of the PL peak
are observed as the excitation density increases in the range4@fw/cn? and approach nearly constant
values as the excitation gets higher. They are affected by strain, substrate and doping of the capping layer. A
larger blueshift corresponds to a larger stable line width of the PL peak measured at a high excitation level. In
the magneto-PL measurements, the excitonic feature of the PL transition is clearly identified. The Stokes shift
of the first peak in the reflectivity spectrum relative to the corresponding PL peak is also affected by strain,
substrate misorientation, and doping of the capping layer. With the observafiprie assumptions are
checked to be unreasonable of the spatially type-1l band alignment and the band-tail states in the case of QW's.
(i) The existence of domain distribution and order-induced piezoelectric field is verified and the scattering of
the domain distribution 4 77) and the magnitude of the piezoelectric fielg,{, ) are estimatediii) The A
is obviously larger in the QW'’s than that determined previously in Gamik alloy. It takes a large value for
the sample witH001) GaAs substrate and a small value for that with 6° off towdi1l]z misaligned(001)

GaAs substrate(iv) The e, Is significantly smaller in the QW's than the theoretical prediction for the
GalnR bulk alloy. It is relatively high for the sample with tl{601) GaAs substrate, and is obviously enhanced

by the Zn-doped GaP capping layer. The results clarify that the optical transitions can be well interpreted with
the combination of thél » ande,., in the QW's. A model is hence established in understanding the optical
phenomena based on the concepts of the domain distribution and the piezoelectric field.
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[. INTRODUCTION between the two peaks was correlated to the ordering. It was
peculiar that while the moving peak showing energetic blue
Under proper growth conditions, epitaxially grown shift the excitonic peak manifests no shift upon increasing
Galn,_,P alloy exhibits CuPt-type ordering along the €xcitation power density. To address the origin of the moving
[111]p directions! The local ordering parametey (0< 7 peak, assumptions were proposed of spatially indirect recom-
<1) is substrate-misorientation dependent. It was suggestdination occurring at domain boundaries of different degree
that domains characterized by a distribution functiefy) ~ Of ordering?*~**and band-tail states due to, e.g., shallow
may be formed in GalnPbulk materiaP Supports of the traps®*
domain distribution have been established in spatially re- Recently, two new models were employed in explaining
solved photoluminescencéPL) studiess™® The ordering the ordering dependence of carrier lifetimes in ordered
causes prominent changes to the electronic band structur€b.sANo 4/GaAs?® in light of the progress in theoretical
and optical properties of the @a,_,P alloy. In the last studies?®?’ One of the models was based on the plane-wave
several years, extensive theoretical and experimental studigseudopotential calculations of Mattia al. that (111 layer
have been conducted in investigating ordering-induced bandhickness fluctuationgsequence mutatiopsnay occur in the
gap reduction and valence-band splitthhd® anisotropy of ~ form of In-In double layers embedded in the CuPt-ordered
the optical transition*~® and polarization electric fields GalnP, matrix, during the growth of GalnPalloy.?® Such
and their effects on band offséts*® sequence mutations induce localized hole states energetically
Low temperature PL studi#&?! illustrated that the PL above the CuPt-confined hole states. As the lowest conduc-
spectra from ordered GalgBulk alloy could be classified in  tion band is confined in the CuPt region, the transition to the
three types, of which a distinct feature was the coexistence dbcalized hole states is spatially indirect. The other one origi-
a nonexcitonic “moving peak” at a lower energy with an nated from the first-principle pseudopotential calculations of
excitonic peak at a higher energy. The energetic separatidfroyen et al. that the ordered/disordered Gajniterface
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TABLE I. Samples parameters and experimental data of the ordergith;GgP/(Alg Gy 34 yIN; - P
QW's established by PL and optical reflectivity measurements. The ordering paramet&s determined
with the procedure discussed in Ref. 34. ExceptToKk, », andA », the parameters,., and nzepe L are
in the unit of kV/cm, others are in the unit of meV. Undop stands for 2-nm-thick undoped GalnP capping
layer, and Zn-dop for 410-nm-thick Zn-doped GaP capping layer.

Sample | Il I} v

6°A 0° 6°B 6°A 0° 6°B 0° 6°B 0° 6°B
T(°C) 700 700 700 700 700 700 700 700 750 750
Capping undop undop undop Zn-dop Zn-dop Zn-dop undop undop Zn-dop Zn-dop
X 0.52 0.52 0.52 0.52 0.52 0.52 0.40 0.40 0.40 0.40
n 0.21 0.40 0.50 0.22 0.34 0.44 0.30 0.33 0.29
Blueshift 0.2 5.0 3.4 0.7 7.1 15 10.5 2.3 6.3 23
Narrowing —-15 1.9 1.4 1.9 3.3 3.2 1.0 1.3 2.1 13
PL LW 11.2 18.6 12.2 16.5 23.2 15.3 27.1 20.0 234 29.8
Stokes shift 7.0 20.3 187 —-1.1 35.7 221 16.2 10.3 27.4
LWpr 12.0 17.1 14.7 10.5 30.9 13.0 16.4 15.5 15.6
Ap 0.07 0.08 0.05 0.03 0.20 0.04 0.13 0.11 0.13
€pe.l 106 48 331 216 103 167 129 238
nzepu 17 12 16 25 20 15 14 20 18

has type-l band alignment, and the ordered region has were grown on(001) Si-doped GaAs substrate by metal-
strong macroscopic electric polarizati®hThe polarization organic vapor-phase epitaxy with a similar structure but dif-
generates a strong internal electric field in ordered GaInP ferent substrate misorientation, i.e., 0°, 6° off towftd 1],

by which the experimental phenomena can be interpreteffjenoted as 6& hereaftey, 6° off toward[ 111]g (denoted as
without a type-ll band alignment. Note, however, that theGOB) respectively. On top of the substrate, a 30-nm-thick
qguestion of the magnitude of this electric field is still open,GaAs" buffer layer was grown, followed by’ a 2-nm-thick

and hence awaiting new experimeffts. .
The fact that by including ordering one could alter the GalnP layer and a 20-n_m-th|ck (#¥eG2) 390,540 48P
Then ten periods of 10-nm-@a, P/

materials properties of an alloy without changing its chemi-@yer.
cal composition opened novel technological opportunities. If-NM-(Al 66G.39yIN1-yP QW’s were grown, with a 50-
Ga/ln,_P/AIGalnP QW systems, it was illustrated that the "m-thick (Al 66Ga 34 0.54N0.4d” buffer layer and a capping
ordering could be used to optimize optoelectronic devices olayer as the end of the structure. Two strain conditions were
even to develop new device conceftd® In contrast to the realized of compressive strain with a combination of
bulk material, however, few studies were available concern=0.40 andy=0.76 for the series Il and IV samples and
ing ordering effects on, e.g., optical transiti8h¥ and band-  unstrain (lattice match with x=0.52 andy=0.52 for the
edge electronic structurés®*in the QW systems. series | and Il samples. The series | and lll samples have a
In this work, PL and reflectivity measurements are per-2-nm-thick GalnP capping layer, whereas the series Il and IV
formed on ordered Gén;_,P/(Aly6Ga.3dyIN1-yP QW  have a 410-nm-thick Zn-doped GaP capping layer. The series
samples. Two types of PL line profiles are identified, one offy samples were prepared at a temperature of 750°C. The
which is single peak and the other is slightly separategiher three series samples were prepared at a temperature of

double peak. For the single-peak samples, distinct phenomygg o The details of the samples parameters are summa-
ena are observed simultaneously of blueshift and narrowing. . 4 in Table | together with the experimental data estab-
as the excitation-power density increases. The blueshift an hed in the foliowing sections

narrqwing approach nearly copstant values at an excitgtion The samples were arranged in the center of a supercon-
density of=40 W/cnt. Excitonic feature of the PL peak is ducting split-coil magnet in a Zeeman cryostat and were kept
evidenced by magneto-PL measurements. A model is prog; 5 temperature around 1.8 K. The Faraday configuration of
posed based on the concepts of domain distribution anfhe magnet was used. The magnetic field was adjustable con-
order-induced piezoelectric field, and is illustrated to be apyjn oysly in the range of 6 6.8 T. To record optical spectra,

pllcab_le in_explaining ths_: experimental _phe_nor_nen_a. The, Fourier-transformed-infrared spectrometer was employed.
magnitudes of the scattering of the domain distribution an n the PL measurements, an Afon laser acted as exciting

the piezoelectric field are also estimated, and manifest des— urce with its wavelength being set at 514.5 nm. Light from
pendence on strain, substrate misorientation, and doping e laser first went through a laser-power controller so as to

the capping layer. keep the output power stable and to drastically reduce laser
noise. A visible beam-splitter and a liquid-nitrogen cooled
Ge detector were used. In the reflectivity measurements, a
Four series Gan; P/ (Al 6¢§Gay 34N, - P QW samples  conventional halogen-lamp served as excitation source and a
are studied in this work, each consists of three samples. Theyi-diode detector were used. A spectral range of

II. EXPERIMENT
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FIG. 1. PL spectra fronta) lattice matched X=0.52y=0.52)
and (b) compressively strained x&0.40y=0.76) Galn,_,P/
(Alg66Gay 3dyIn; -y P QWs with different substrate misorientations.
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FIG. 2. PL spectra recorded at different excitation densities for
the series Il lattice-matched sample with theB6Substrate. The
intensity of the spectrum at lower excitation is multiplied by 30 to
match the other spectrum. The downward arrows indicate the peak
energies of the two spectra, respectively.

For the lattice-matched samples shown in Fitn),1the
PL peaks occur at highest energies for thé&&ubstrate and
at lowest energies for the 8°substrate. This is consistent
with the established knowledd&.For the compressively
strained samples shown in Fig(bl, however, two excep-
tions exist that the series IV sample with theB5Substrate
has significantly higher transition energy than that with the
0° substrate, and the “low-energy” peak of the samples with
the 6°A substrate even occurs at the lowest energy position
in the same series.

Due to the lattice mismatch between the thick Zn-doped

Dashed lines represent series Il and IV and solid lines represee@P capping layer and its adjacent barrier/QW layers, an

series | and Il samples, respectively,(® and(b). Vertical dotted

additional compressive strain may be introduced in the series

lines correspond to the energies of the series | and 11l samples witH and 1V samples. This will reduce the PL transition energy

the 6°B substrate, respectively.

11500-18000 cm* was warranted at a resolution of
6 cm ! (~0.7 meV).

Ill. RESULTS

with respect to the counterpart with a GalnP capping layer.
From the PL spectra, it can be seen, however, the effect
should be significantly weaker than that introduced by
changing Ga composition from 0.52 to 0.40 in the QW’s. For
the compressively strained samples, the difference in the
transition energy is very small for the two series samples
with an identical substrate. For the lattice-matched samples,

Figure 1 illustrates the typical PL spectra from the latticeon the other hand, the samples with the GaP capping layer

matched (a and  compressively strained (b)
Galn; _yP/(Alp 66Gan 3dyIn1—yP QW’s with different sub-

has slightly higher transition energy for each particular sub-
strate.

strate misorientations. The dashed lines are for the series |
and IV, and the solid lines for the series | and Ill samples,
respectively. The sparks occurring in all the PL spectra at
~1.96 eV are introduced by the He-Ne laser of the FTIR Figure 2 depicts two spectra recorded at different excita-
spectrometer. Unlike the classification of three types of PLtion densities for the series || sample with theB5Substrate.
line profiles in ordered Galnfbulk materia! here only two  The intensity of the spectrum at lower excitation is multi-
types are identified(i) One has a single peak and is for all plied by a factor of 30 to match the other spectrum at higher
the lattice-matched samples and the compressively strainaskcitation level. The blueshift as well as narrowing of the PL

A. Excitation-density dependent photoluminescence

ones with the 0° and @ substrates and the oth@r) shows
slightly separated double peaks and is for thé& &@mpres-
sively strained samples.

peak is clearly identified as the excitation density increases.
In Fig. 3, typical tendency of the peak energy is shown as
a function of the excitation density. For the single-peak
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L o o e S L B e m s e e e e e (compressively straingdsamples with the 0° and ®&°sub-
C " T T T T i strates as illustrated in Fig(l3. The sample’s growth tem-
1.930 | e 3 perature and/or the doping of the capping layer also affect
= 7 @ x=052, I . the blueshift. As can be seen in Figbg the blueshift of the
L 1925 /" - sample prepared at 700 °C with the 0° substfdenoted by
23 - e _ _o 0" - substrate . ®- -@) is nearly two times as large as that of the counterpart
§ 1.920 v oo 5 6B - prepared at 750 °C with Zn-doped GaP capping layler-
0 C ] noted by ¢ --- ).
% 1915 | 3 Concerning the PL peak line widtfull-width at half-
A~ C 3 maximum(FWHM)], it first decreases~0.5— 1.5 meV) as
L L o * the excitation density increases up tel5 Wicn?, then
- : keeps nearly constant for higher excitation density for most
1.905 (') — 2'0 — 4'0 — 6'0 S of the single-peak samples. An exception is that the lattice-
1855 T T T T T T T T T T T T T matched sample with the #°substrate and Zn-doped cap-
N ] ping layer manifests further peak narrowing as the excitation
1.850 | (b) x =040 3 density gets higher. This will be discussed in Sec. IV.
S C g T TSR] The change in the FWHM is also strain- and substrate-
© 1845 F 7 g -] misorientation dependent. As shown in Fig. 4, the lattice-
o v a - . L
= - /. e___e0, I . matched samples manifest more significant PL-peak narrow-
g 1.840 | / R «6B, II 3 ing than the corresponding compressively strained ones. And
5 C / - PRI = < the lattice-matched samples with the 0° andB6substrates
% 1.835 F y ',o"' 3 correspond to a sharper peak narrowing than the sample with
~ Cp Y 0—— 0 0, IV, 750°C ] the 6°A substrate. Even more, the series | sample with the
1.830 | /.9 3 6°A substrate shows a slight increase to the peak width of
C ] ~1.5 meV(not illustrated in Fig. % its corresponding blue-

1.825 (') L1 '2'0' L '4'0' L '6'0' L1 shift, however, is nearly undetectable<(.2 meV) as the
e . 2 excitation-density increases. Similar comparison for the
Excitation density (W/cm’) compressively strained samples is difficult, as the sample
FIG. 3. Excitation-density dependence of the PL transi-With the 6°A SUbStr.ate correspond; “? §1 slightly separated
tion energies for (@) the series I k=052) double peak for which the FWHM is difficult to exactly de-
Galn;_,P/(AlysGa 30 054N0 4P QW samples with the 0° and termine. It is worthy to mention that unlike the blueshift, the
6°B substrategdenoted by®- -@ and *- - -*, respectively, and  narrowing of the PL peak is more obvious for the series IV
(b) the series Il ¢=0.40) QW samples with the 0° and Bsub-  sample prepared at 750°C with a Zn-doped GaP capping
strates(denoted by®- -@ and *- - -*, respectively and the series layer than for the corresponding series Ill sample prepared at
IV sample with the 0° substrat@enoted by¢ - - -¢), respec- 700 °C without a doped capping layer.
tively. Lines are fitted to the measuring points as a guide to the The values of the PL-peak blueshift, narrowing, and
eyes. stable linewidth are summarized in Table | for all four series

samples, the PL peak shifts first rapidly to higher energie amplgs. The results iIIu;tratg a general relation between the
with increasing the excitation density in the range belowP!Ueshift and the stable linewidth (Lof the PL peak mea-

15 Wicn?, then slowly, and finally does not show any sig- sured at high excitation density-60 W/cnt): a larger k?lue-
nificant increase further in the range40 W/cn?. This was shift corresponds to a larger stable FWHM. TheBdattice-

not the case for the measurement on Galb#lk materia?® ~ Matched samples have relatively small FWHM, 12.2-15.3
whereby the blueshift was identified for the moving peak tomeV, similar to the 6A samples. In contrast, the 0° samples
be strong in a range of the excitation density up tohave a large value 18.6—23.2 meV. Similar but enlarged val-
500 W/cnt. The reason will be discussed in Sec. IV. It is ues(20.0 meV for the 6B and 27.1 meV for the 0° sample
noteworthy that the degree of the “saturation” of the blue-are observed for the series-Ill compressively strained
shift depends on the substrate misorientation: while thesamples. For the series-IV samples prepared at 750 °C with a
samples with the 0° substrate still manifest slight blueshifiZzn-doped GaP capping layer, however, the 0° sample has a
with the excitation density, those with the B Substrate do  smaller FWHM(23.4 meV) than the counterpart of the series
not show blueshift further. Also observed is that the magnidll sample prepared at 700° without a doped capping layer,
tude of the blueshift varies with substrate misorientation. Theand the value is even smaller than theB68ample(29.8
lattice-matched sample with the 0° substritienoted by meV) in the same series. It is worthy to emphasize that the
®- -@ in Fig. 3(@)] shows a blueshift of about 7 meV, while line shape of the 88 sample of series IV is obviously asym-
the 6°B substrate(denoted by *--*) only a value of 1.5 metric with its maximum occurring at higher energy than the
meV and the 6A substrate below 0.7 meV, in the range of 0° sample, suggesting a bad sample quality. Further evidence
the excitation density being employed. Similar tendency buis revealed shortly afterward by magneto-PL and reflectivity
enlarged value of the blueshift is observed for the series lImeasurements.

oo
(=]
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FIG. 4. Full-width at half-maximum(FWHM) of the PL 1.838 L+ 1.929
peak determined by curve-fitting procedure plotted against the
excitation density for (@) the series Il lattice-matched

Galny_P/(Aly 6G&y 30 05dN0.4P QW samples with the 0fde-
- - ° --X . .
fmefj by®- -@), 6°A (den_oted byx ) a_nd 6B (denoted_ by FIG. 5. (@ PL spectra recorded at different magnetic
- -*) substrates, respectively ari) the series Ill compressively . . ) :
. ) fields for the series IV  compressively  strained
strained QW samples with the Qtlenoted by®- -@®) and 6B . N
. . G 4lng P/ (Alg 6653 34 0.7dN0.28°2 QW sample with the 0° sub-
(denoted by *--*) substrates, and the series-IV compressively - . -
strate. The peak energies are plotted against the magnetic fields for

e i o) 1 samplddenicd . @) and e s | compresive
P Y- P 9 trained samplédenoted by *- - - *) with the 6°B substrate, and

points to guide the eyes. The horizontal arrowsdnindicate the the series Il lattice-matched samples with 6°A and (d) 0° sub-

corresponding data being plotted against the pointed vertical axess.trates. The dashed vertical line(® is a guide to the eyes, and the

curves in(b)—(d) are theoretical fits to the peak energies based on
an effective-mass equation of an exciton in external magnetic fields.
B. Magnetophotoluminescence

Figure 3a) shows a set of the PL spectra recorded atPL transitions have a similar origi .

. o . : gin and correlate with the
different magnetic fields for the series IV compresswelyb nd-to-band involved transition of the QW's in all the em-
strained sample with the 0° substrate. The peak energies oyed excitation levels.
thg PL spectra are depictgd against the.magnetic fields for For the series-Il lattice-matched sample with thé\@sub-
this sample and the & series Il sample in Fig. (), ‘_”‘”d_ strate illustrated in Fig. ), very small diamagnetic shift
for the 6°A and 0° series Il lattice-matched samples in Figs. g7 meV is observed. In this particular case, the ordering is
5(c) and 3d), respectively. Obviously, the PL transition peak jn a very low degreé? »=0.22, as listed in Table I, and the
shifts to higher energies as the magnetic fiBlthcreases. highest two valence subbands of the QW’s, namely, heavy-

The diamagnetic shift of the 0° compressively strainedhole- (HH-) and light-hole-(LH-) like subbands?® are very
sample is more significant than the B°%ample. Further- close to each other as predicted by an ordering-included six-
more, similar diamagnetic shifts have been detected for theandk-p model®® The strong interaction between the two
0° and 6B compressively strained samples under high exsubbands results in the diamagnetic shift negligible under
citation density of~45—60 Wi/cnt as well as a low excita- medium magnetic fields. For the series Il sample with the 0°
tion density of~1.5 W/cnt. It is safely concluded that the substrate illustrated in Fig.(8), the degree of ordering gets
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higher, leading to an additional separation to the two highest rrrrrrTTTTTTT T L v
valence subbands. The interaction between the subbands is
reduced, and hence, a larger diamagnetic shift is detected.

To theoretically simulate the diamagnetic shifts, the é (a) x = 0.40
effective-mass equation of an exciton in an external magnetic 8 o Iv
field is employed’ —g Reflection | ’

ﬁ21a( &)+ezs22+v R 2
=

=EnRn(p), 1 Stokes shift

_ a2 4o 2 2
V(p): e ff |Ze(Ze)| |Zh(zh)| dZeth, o L B R B T T 0 T T T P T B e o =
—% g

(Ze,Zp) NP+ (Ze—2p) @

wherep is the in-well-plane separation between the electron
and hole constituting an excitop. is exciton reduced effec-
tive mass.Z.(z,) and Z,(z,) are the confined-state wave
functions of electrons and holes, respectivelys, is the
dielectric constant of the well or the barrier dependingzon
andz, . nrepresents thath excitonic stateR,(p) is for the
Stype excitonic envelope function. In the calculatign,is
assigned an initial value and is adjusted for each particular
sample to achieve a good fit. The results are depicted by the
solid and dotted lines in Figs.(-5(d). As that the theory L e e be o T
describes the experimental data quite well, it serves as direct 1.8 1.9 20 21
evidence indicating that the PL transition from the QW is Energy (eV)

excitonic o . _
. ) . B A, FIG. 6. Reflectivity and its second-order derivatié®0ODR as
Itis worthy to mention that a “negative” shift is observed well as PL spectrum of the series IV compressively strained

with large scattering in the magnetic field range of® T ; o
. ; . . o Gy dng 6P/ (Alg 66Gan 34 0.7d N0 24P QW samples witlta) the 0° and
for the series IV compressively strained sample with thB 6° ())"the 68 substrates. Vertical arrows indicate the energetic posi-
substrate. This indicates that the PL from the sample is NOfyons of excitonic related transitions in the QW's.
excitonic, and hence provides a direct support to the bad
sample-quality assumption in Sec. Il A.

47780

Reflection

!

(b) x = 0.40
6B, IV

Intensity (arb. units)

PL

downward arrows in Fig. @) to the corresponding PL spec-
. o trum, a slight blueshift of the minimum with respect to the
C. Optical reflectivity PL maximum is evident, which is known as a Stokes
Figure §a) shows reflectivity and PL spectra for the seriesshift.?%4*
IV sample with the 0° substrate. As is known, optical reflec- Similar SODR line shape is observed for other samples
tivity shows sharp features at the energies of the excitomith two exceptions. The first exception is illustrated in Fig.
associated with conduction and valence confinemen§(b) for the series IV compressively strained sample with the
subband®~*° However, the typical reflectivity spectrum is 6°B substrate. On the low energy side of the first SODR
here broad, “mountainlike” with apparent extrema located atmaximum, no dip similar to that shown in Fig(e occurs.
about 1.82 eV and 2.08 eV, respectively. Such broad featurebhis suggests that no HH-like exciton state exists in this QW
are ascribed to the Fabry4®e interference and are deter- sample, and hence provides a further support to the bad
mined by the sample thickne3%In addition, there are weak sample-quality assumption for this sample. The second ex-
fluctuations around 1.86 eV, as marked with three downwaraeption occurs in the two @¥ lattice-matched samples,
arrows. They are due to the transitions in the QW'’s. Towhere only one peak can be clearly identified in the SODR
clarify them, a second-order derivative operation is perwith an apparent shoulder on the high-energy side. The spec-
formed on the reflectivity spectruf®’ The second-order tra are illustrated in Fig. 7 for the @°series | sample. For
derivative of the reflectivity(SODR is also depicted. such a lattice-matched sample, the ordering is very vi@ak.
Clearly, the SODR manifests clear peaks and dips in th@he first two valence subbands are hence nearly degenerate.
region of about 1.86 eV. All the three peaks in the SODRWith an assumption of two Gaussian functions constituting
were shown to originate from the excitonic transitions in thethe SODR peak, a good fit is obtained. The result is plotted
QW layer®! and the first two were identified to be HH- and in Fig. 7 as dashes and dash dots. The relative intensities and
LH-like exciton transitions by a modified model-solid theory. line widths suggest HH- and LH-like transitiohigo the first
The ordering parameter of the sample was determined at thend second fitting curves, respectively. The energetic posi-
same time** and is listed in Table | for convenience of com- tions, on the other hand, are consistent with the modified
parison. By correlating the weak features marked by themodel-solid theory, and lead to a determination of the order-

165327-6



ORDERING EFFECTS ON OPTICAL TRANSITIONS IN . .. PHYSICAL REVIEW 88, 165327 (2003

T T T T [ T T T T [ T T T T [ T T T T [T T 7T
=052 (a) (b)
£ | |
> | Reflection =~ | |
£ M !
=) . .
:: I~ T l
o ~. .
o
£ |
z E, Ey 1By
z {
8 === =] -
5 Stokes shift / I I
/ : \, I I
| | | : Mo My Mg M n

1.98 1.99 2.00 2.01 2.02 203

Energy (eV) FIG. 8. Schema ofa) domain distribution functior=( %), and

(b) band-edge structure due to tR¢») in ordered QW's.

r'.ZIG' I7.|Rtte_flecrtri1vi:yha|:jd its SO'IDD'/? ZIS well as PL SnpeCtr”mV?/f thestates, and spatially indirect band alignment due to sequence
series | lattice-matched G, P/(AlyseSb.adosdMosd Q mutations, and order-induced piezoelectric field, and try to

sample with the 6A substrate. The SODR peak is fitted by two . . .
; . X ) clarify the origin of the peak narrowing as well as the satu-
Gaussian functions depicted in dashes and dash dots. . . .
ration of the narrowing and blueshift.

ing parametem=0.2, which is in agreement with the com- A. Domain distribution?

mon knowledge of low ordering for such a sample structure. ) N
A detailed analysis indicates that all the strain, substrate Based on the knowledge th&f PL transition tends to

misorientation and doping of the capping layer affect theoccur in small band-gap regions while reflectivity represents
Stokes shift of the first SODR maximum relative to the cor-& Spatially averaged efféct' and i) ordered domains with
responding PL peak at a constant positioarresponding to  different sizes correspond to different ordering parameters.
a high excitation density of-50 W/cn?). (i) The compres- Hence in character!zmg the ord_ermg not only is the ordering
sively strained sample has a smaller Stokes shift than thBarametery of particular domains needed but also the do-
lattice-matched counterpart with the same substrate an@iain distribution functioh F(7) where [F(7)dn=1, is
sample structure(ii) The sample with the Zn-doped GaP hecessary. A band-edge model is established as follows for
capping layer has a larger Stokes shift than the sample witihe ordered GalnP/AlGalnP QW system. A Gaussian form is
the same strain and substrate but undoped GalnP cappi@gsumed for the functioRi(#),* and two functions are plot-
layer. (i) The sample with the 0° substrate has the largested with their maximum at, but with different FWHM's in
Stokes shift and the 8¢ the smallest in the same sample Fig. 8@). The band edge is hence depicted as a function of
series. The values of the Stokes shift are presented in Tablethe ordering, as illustrated in Fig(8, by taking into ac-
Concerning the FWHM of the first SODR peak ky, countthe order-induced band-gap reduction. The dash-dotted
similar dependence is only observed for the substrate misorlines are moved slightly down to make the solid lines easy to
entation that the sample with the 0° substrate has the large§€e.7p andE, are, respectively, the ordering parameter and
FWHM in a same sample series. No obvious dependence ca#$ corresponding band gap at which the domain distribution
be found in the strain and doping of the capping layer. Thdunction F(7) reaches its maximunmyy and »_ represent
FWHM values for most of the samples are given in Table 1.the highest and lowest ordering in the same sample, respec-
By assuming a similar line shape of, e.g., Gaussian form tdively. Obviously, a larger linewidth of the distribution func-
the first peak for all samples, a similar relation can be foundion corresponds to a larger energy difference betwggn
among the FWHM of the first peak in their original reflec- andEy .
tivity spectra. It is clear that the Stokes shift is smaller than The energy of the reflectivity peak is ne, and the
the FWHM of the first peak in the reflectivity spectrum for FWHM of the reflectivity peak is-(E_—Ey)/2. By assum-
all the single-peak samples except the bad one, if the fact &g the linewidth of the reflectivity peak (L) being de-
taken into account that the FWHM of the peak in the originaltermined by the intrinsic linewidtid, and the contribution of
reflectivity spectrum is about two times as large as that in théhe domain distributiors,,, 5,=27A 7A Eé’zl, we have

corresponding SODR spectrufh.
Ap= \! LWrzef_ é\(2) &)
n=1"
IV. DISCUSSIONS 2mAEy

whereA » represents the FWHM of the domain distribution.
With the experimental observations, we now check the W is about two times as large as A AEg:l is the
frequently used concepts of domain distribution, band-taibrder-induced band-gap reduction for a perfectly ordered
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Galn,_,P and takes a value of 0.43 eV for the lattice-
matched samples and 0.32 eV for the compressively strained
samples® With respect to the fact thdt) for large-domain
partially ordered Galnpbulk alloys, 7 varies only slightl

with A 7=0.0048 andii) the smallest FWHM of the SODR
peak is 10.5 meVy, is here assumed to be 20 m&\The

A 5 can therefore be estimated for each of the samples. The
results are listed in Table I. Clearly, then is more signifi-
cant for the samples with the 0° substrate and less significant
for those with the 6B substrate. This is explicable with
respect to the well established knowledge that for a GalnP
film grown on the exact 0° substrate, two variants, i.e.,

[111] and[111], of the CuPt-ordered structure occur, and
the degree of order is not the same for the two vari&hEr
a GalnP film grown on the @ substrate, on the other hand, ~ FIG. 9. Superposition of two adjacent peaks with identical in-
only a single variant CuPt-ordered structure is obsef{fetf ~ tensity in the left part, and with higher energetic pedepicted as
The doping of the GaP capping layer does not introduc&otted I!ne being fourtlmes_ strongddash-dottellin the ngh_t part,
. f . respectively. The summation from the left pddashed ling is
systematic change to thkz. Connecting to the experience . .
of best(Al)GalnP lasers having been established from disors caled an.d moyed to overlay on the_ nght_part to directly compare
. . both the line width and the energetic position of the two summa-
dered material, and the B°substrate being preferable for . .
achieving ordering® it is clear that the spread of the domain '
distribution F( %) plays a crucial role in the optoelectronic
application. For aA » that is significantly larger than the
ordered GalnPbulk alloy, the spatial fluctuations of atomic At first glance, the assumption of band-tail states seems to
concentrationinhomogeneitigsmay be the reasoH.Rela-  be able to interpret the excitation-density dependent PL tran-
tive to the bulk, even a monolayer-thick fluctuation will sition energy. However, the assumption is questionable for
cause significant inhomogeneities at the interfaces for thewvo reasons in this case.
case of a 10-nm-thick GalnP layer sandwiched in AlGalnP First, the narrowing is explicable only if the band-tail
barriers. states are located in one or several separated energysjevel
With this model, the blueshift of the PL peak can be ex-Figure 9 schematically illustrates a two-level model. The to-
plained qualitatively in a simplified manner. At low tempera-tal PL peaks are assumed to consist of a band-tail-state-
ture, the density of the excitation-generated electrons angklated transition in dash dots with lower energy and a band-
holes is very low at a low excitation-power level. Most prob- band related transition in dots with higher energy. At low
ably the carriers diffuse into the domains with extremelyexcitation density, the strength of the band-tail-state-related
high ordering ¢74) and recombine there. This corresponds totransition is comparable to that of the band-band-related
low-energy emission. As these domains are limited in theitransition, the total PL peak is illustrated to the left side in
occurring probability, the PL via them is weak and saturates-ig. 9. As the excitation density gets higher, the strength of
as excitation density increases. The PL recombination wilthe band-tail-state-related transition saturates quickly, due to
hence occur in the domains with lower ordering, leading to ahe limited density of the states, and the total PL peak is
shift of the total PL peak to higher energies. If thén) dominated mainly by the band-band-related transition, as de-
function is sharp, the blueshift will be small. This is, in fact, picted in the right side of Fig. 9. It is apparent that the total
the observation in the @ and 6 B lattice-matched samples. PL peak gets narrower while shifting to higher energy as the
According to this model, the PL emission is always exci-excitation power gets higher. Note, however, that the narrow-
tonic, which is in agreement with the measurements. ing would not be observed if the band-tail states are continu-
The general relation is also straightforward between theusly distributed
blueshift and the stable linewidth of the PL peak: a large Secondly, the assumption does not explain the similar
blueshift corresponds to a wide range of domains being filledjuadratic diamagnetic shift of the PL peak at different
with photoinduced carriers, and hence a large stable lineexcitation-density levels. Even if the band-tail states form
width of the PL peak. Meanwhile, at an identical excitationexcitons, the exciton effective mass and therefore the dia-
density, the stable PL peak enerfy, is estimated to be magnetic shift should obviously be different than that of the
betweerE, andEy and around the middle point. For a larger band-band exciton.
spread of- () distribution the Stokes shift will take a larger ~ The model of spatially indirect recombination, originated
value. This is also consistent with the experimental observafrom the assumption of either type-1l band alignment in the
tion. ordered/disordered GalgP interfacé?'=?* or sequence
Nevertheless, with this model, it is hard to obtain a resultmutations?® can explain the blueshift of the PL peak as a
of PL peak narrowing as the excitation-power density getsesult of the band-filling effect. However, the former assump-
higher. It therefore suggests that there should be other redgion has been proved to be untrue that more than 10% of the
sor(s) coaffecting the optical properties. order-induced band-gap reduction is due to the upward shift-

Intensity

B. Band-tail states or spatially indirect band alignment?
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where §, represents the intrinsic FWHM, which corresponds
disordered to the excitonic transition in an ideal QW structure free of
region any internal electric field and domain fluctuatiaf,., and
dpe are the contributions of the piezoelectric field along the
[001] direction and in the(001) well plane, respectively.
They are estimated to be

disordered ordered

region region

é\peJ_ = ﬂzepe.J.Sd,J_lzy 5pe,H: ﬂzepe’”Sd’”/Z. (5)

As the excitation power gets higher, more carriers are
generated. This introduces two distinct effe¢ts The carri-
ers tend to extend their region in the direction illustrated by
the arrow parallel to the bottom of the conduction/valence
band, and hence screen the piezoelectric figld, and )
are therefore reduced, leading to a narrowing of the PL peak.
(i) As the domain with extremely high ordering is limited in
occurring possibility, the PL recombination begins to occur
FIG. 10. Schema of the electronic band structure and the tranin domains with lower ordering, which in turn causes a
si_tior_ls within an ordered Ghn, _,P domain possessing a piezoelec- broadening of the PL peak. For a high enough excitation, the
tric field. contribution of 8., will be totally removed, and the line-

. 34.48 , width of the PL peak will be
ing of the valence bant:***®For the sequence mutations, as

there is a particular relation between the transition probabili- LW = W ' (6)
ties of the spatially indirect and direct transitions, increasing Pels = s
excitation power will simply increase the absolute intensitiesvhere 5Pells is the residual portion of thé,. &
but not the ratio of the intensities of the two transitions. Acgntribution of the filled domainss, <4, .
broadening instead of narrowing is therefore predicted. Vs 7T

Moreover, the diamagnetic shift of the spatially indirect tran-, . . e
in a rather wide range after a particular excitation-power

S|t|9n §hould be. linear with respept o the magnetlc; féld, density &40 Wi/cn?), it can be concluded that the decrease
which is contradictory to the experimental results. It is hence” ™ 5

- : 2 2
clear that neither the band-tail states nor the spatially indirecf’ ‘Zpells is compensated _by the mcrease&f;s, 5pe*”s-+ g
band alignment can serve to explain the excitation-density= Spe)- The peak narrowing can hence be determined:

dependence of the PL-peak linewidth.

7 is the

With the fact in mind that the linewidth tends to stabilize

52
PN=LW,— LW =~ @)
C. Ordering induced electric fields? 2 LW,
The existence of a uniqUd11] axis in CuPt-type ordered due to|LW,— LWg|<LWs.
GalnP, alloys suggests the possibility of a piezoelectric field. The combination of Eqg5) and(7) gives
This field is related to the internal electric fields for strained-

layer (111 superlattices and remains even for layers of ~2\/2>< PNX LWy g
monolayer thickness. €pe,L = T (8)

Figure 10 illustrates the electronic band structure for an
ordered domain sandwiched in disordered domains. For the wiith this relation, we can check the order of magnitude of
QW's, this represents two types of structur@sin the well  the order-induced piezoelectric field along ff@1] direc-
plane, it is an ordered domain embedding in the domaingon. The results are listed in Table | ef., and ,72epew
with lower ordering, and the domain size is of the order ofthe |atter indicates the real magnitude of the field in the par-
magnitude of 100 nm or highé®.(ii) In the [001] direction  ticular sample. They indicate the following) The electric
perpendicular to the well plane, the domain is ||ke|y limited field epe,L is h|gher for the Compressive|y strained Samp]e
by the AlGaInP barriers and its size is about 10 nm. Due t@han for the lattice-matched sample with the same substrate
the pieZOE|eCtriC fleld, the Optical recombina:tion within and Capping |ayer_ This can be understood with the Simp|e
QW’s may be both direct as marked by | and “|nd|rect" as model of Ga.. ,,Iny = 2P layers in ordered GalpRsuch
marked by Il for the extremal case. The energy differenceys simply strained bulklike materifl. (i) e,., depends on
between the two transitions ISE .= 7°€,cSq, Wheree,.is  the substrate misorientation, and the 0°-substrate sample cor-
the piezoelectric fi_eld of perfect ordering agl is the line  responds to a higher value than theBssample in the same
scale of the domains. o N series. This can be understood in a similar manner. Relative

Under a low power excitation, the transitions occurig the 0° substrate, the B°substrate may result in an addi-
mainly in the domains with extremely high ordering. There-tjona| tensile while the 6& substrate may result in a com-
fore, the FWHM of the PL peak is determined by pressive strain to the Ga, ,In; = ,-P ordered layers. The

5 . former reduces and the latter increasesehe . It is noted
LW, =V 85+ Ope. + Oey» (4)  thatthe 67 series Il sample has the largest, value in the
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same series(iii) A general trend forp®e,., is that the the case of a strong electric field existing in the sample. A
sample with 0° substrate has a higher value than that wit§imilar discussion is valid for the two compressively strained
6°B substrate in a same series. For the lattice-matche§®Mples with the 0° substrate: the samgle prepared at 750°C
Sampcs. Th one i B St My posseses hobrsses 1 ey i rery s an e
isnrgél(liift?r’hip?einJ?‘tahzasn;;;eensej\;it?lu:nt%:jolg(\;v;itagsﬁg The difference is also straightforward in the Stokes shift
jayer is muclﬁl lower than the theoretical limit of 900 for different samples. At a similar level of excitation density,

57 e i a largerA » results in a largeE,—Ep_, and hence a larger
kV/cm,”" and is within the experimentally observed boundsgigkes shift: meanwhile, a Iargeyzepu corresponds to a

of <240 kv/em in fully ordered GalnPbulk alloy:* (v) The jarger residual\E ., and again a larger Stokes shift.
electric fieldeye , is obviously higher for the sample withthe |t js noteworthy that the model does not explain the PL
Zn-doped GaP capping layer than for the sample with th@rom the slightly separated double-peak samples. The Stokes
same substrate but undoped GalnP capping layer. In the Zghift of the first SODR peak relative to the low-energy peak
doped GaP capping layer, there are positive net chargem the PL spectrum is significantly larger than the FWHM of
which produce an additional electric field in the QW layerthe first peak in the reflectivity spectrum, indicating that the
with the direction pointing down to the substrate, and isenergy of the low-energy peak is even smaller than that of
hence expected to enhance the intrinsic order-induced elethe transition from extremely high order domains. This rules
tric field. In addition, the compressive strain caused by theout the possibility of relating the low-energy PL peak to
410-nm-thick GaP capping layer may also cause a minofextremely high order domains. As its origin is not clearly
increase of the piezoelectric field. identified in this work, we guess it may be caused by a
As manifested by the model, it can interpret the narrowingstrain-related defett occurring especially in the &%
of the PL peak well. For a strong enough piezoelectric field Misoriented-substrate case.
the effect of narrowing dominates the broadening due to the
scattering of domain distribution and the PL peak is expected
to manifest narrowing as the excitation density increases. |n the excitation-density dependent PL measurements,
This is indeed the most frequent case in experiments. Thpjueshift and narrowing of the PL peak are observed in the
only exception, however, is for the series | sample with therange of up to 40 W/ckhand become less significant as the
6°A substrate, whose PL peak width shows slight broadenexcitation density gets higher. They are affected by strain,
ing while the blueshift is also very small. With respect to thesubstrate misorientation, and doping of the capping ldjker.
series Il sample with the same substrate misorientationfFor the lattice-matched samples, the highest blueshift and
which has a significantly enhanced internal electric field bupeak narrowing are identified for the 0° substrate and the
a smaller scattering of the domain distribution, the differencqowest for the 6A substrate sample. For the compressive
can be easily understood as the change of the PL-peak widtjrain, the blueshift is higher for the 0° substrate than for the
with the excitation denSity. For the saturation of the narrow-g°B substrate Samp|él|) The peak narrowing is more Sig_
ing and blueshift of the PL peak, it is clear that at a lowpjficant for the lattice-matched sample than the compres-
excitation level, the contribution to the narrowing comessively strained one, and is more significant for the sample
from bothe, ; andeye | components, and the contribution to with zn-doped GaP capping layer than that with undoped
the blueshift comes from, in addition, the effect of filling of GalnP Capping layer with the same substrate and Ga compo-
the domains with extremely high order, whereas at a highsition in the QW layers. The blueshift is found to correlate
enough excitation level, the contribution froep., disap-  directly with the stable linewidth. A larger blueshift corre-
pears. This leads to a drastically slowed down to narrowingponds to a larger stable linewidth of the PL peak. With the
and blueshift. For a bulk alloy, the domain linesc&lés in  magneto-PL measurements, the PL transition is identified to
both the|| and_L directions near the domain size, and is of pe excitonic.
the order of magnitude of 100 nm or higi&iThe saturation The optical reflectivity measurements illustrate that the
will hence occur only when the excitation-power density isStokes shift is also affected by the strain, substrate, and dop-
higher than 400 Wi/crh This explains why the blueshift of ing of the capping layer(i) The compressively strained
the PL peak in the bulk alloy was observable in a muchsample has a smaller Stokes shift than the lattice-matched
wider range of excitation-power densfty. sample with the same substrate and sample strudiiir@he
Meanwhile, with the effects in mind of both the scattering sample with a Zn-doped GaP capping layer has a larger
of domain distributiom » and the piezoelectric field causing Stokes shift than the sample with the same substrate and the
blueshift to the PL peak, the difference in the degree of thasa composition in the QW layers but undoped GalnP cap-
saturation of the blueshift and narrowing for different ping layer.(iii) The 0° sample has the largest and thé\6°
samples is straightforward. The sample with the 0° substratthe smallest Stokes shift in the same sample series.
has a largerA» and highern®e,., than the same series  With the observations, the band-tail states and spatially
sample with the 6B substrate. It therefore manifests a moreindirect band alignment due to sequence mutations are con-
obvious increase in the “saturated” region. On the othercluded to be not suitable for the QW structure. A band-edge
hand, the series Il lattice-matched sample with th& 88b-  model is then established based on the concepts of domain
strate has a narrow scattering &df, which may result in a distribution function and ordering-induced piezoelectric
further narrowing to the PL peak in the saturated region irfield, with which the experimental phenomena are well inter-

V. CONCLUSION
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