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Determination of size and composition of optically active CdZnSe /ZnBeSe
guantum dots
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The size and composition of optically active Zd,_,Se/Zn, oBey gz5€ quantum dotéQDs) are
determined using photoluminescence, photoluminescence excitation, and Raman scattering
spectroscopies combined with a model of photoluminescence and LO phonon energies. The
diameters of optically active QDs range from 5.1 to 8.0 nm with Cd composition in the range of
47%—-54%, corresponding to the “small” QDs group. Additionally, surface phonons from QDs are
observed in this system. @003 American Institute of Physics.
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Self-assembled quantum d@D) systems have been of the highest excitation intensity~28 W/cn?) and the inte-
great interest due to their unique optical properties, whichyrated PL intensity as a function of excitation intensity
have promising applications in optoelectronic devices, suclhows a single slop&got shown; (3) the shifts of the band
as QD laser diodes. Specifically, [I-VI semiconductors areedges due to the hydrostatic component of strain are calcu-
the materials of choice for the green/blue spectral range. Thiated independentl{? (4) the QDs are considered free of Be,
most studied II-VI system is CdSe/ZnSe Q@sich are in  since the Be concentration is low even in the barrigy;for
fact CdZnSe QDs due to Cd/Zn interdiffusjon the barrier (ZgoBeyoS€) properties, the ZnSe values are

From previous transmission electron microsc@pgM) used except for the band gap enerdg], which is calcu-
studies' it has been shown that there are two types of QDdated using the relation given in Ref. 9; af) the material
coexisting in molecular beam epitaxy-grown
Cd,Zn;_,Se/ZnSe nanostructured) “small” QDs with di-
ameters @) smaller than 10 nm and Cd compositiax) (of
~0.1-0.6, and2) “large” QDs with d about 20 nm and
x~0.5-0.7. For device applications, it is crucial to correlate
TEM observations with optical studies to determine proper-
ties (x and d) of optically active QDs. This has been at-
tempted by studying photoluminescerifd.) of samples that
are also characterized by TEMee, e.g., Ref.)3 However,
to obtain the specifix andd of QDs that contribute to the
PL, a more careful analysis is required.

In this work, we show how to use PL, PL excitation
(PLE), and Raman spectroscopies, complemented by simple
model calculations, to estimateand d of optically active
QDs using CdzZnSe/ZnBeSe with-2.5 ML of CdSe
depositiof as an example. We use ZnBeSe rather than the
conventional ZnSe as a barrier material, as Be has been re-
cently introduced into the ZnSe barrier with the expectation
to enhance both barrier crystalline qualites and QD
formation*®

To estimatex andd of the QDs that are responsible for
such PL, we first calculate the PL transition energy as a s 249
function of these two parameters. The resuitashed lines 2.2 26 2.8 3.0
are plotted in Fig. (a) together with low temperatureT( Energy (eV)
=9 K) PL (solid line) with 325 nm excitation. The calcula- o _ _
tion is based on the following assumptioti$} The QDs are Eléiznix(sae)/zTr;:ﬁgicﬁu?tggsst :Eﬁ;ﬁ; ;”;r:g'(f_dﬁ:egl_“s';eebc:&rm

considered to be SpheriC%{Z) only the ground state of QDS s also shown for excitation at 325 nm. The inset shows the procedure for

is considered, since only a single PL peak is observed even astimation ofx andd of QDs emitting athvye,. (b) The PLE(open circles,

semilog scalgfor the C4gZn, _,SelZny gBey oa5€ QD sample. Arrows indi-

cate the detection energy and three equally spaced peaks. The inset is the

dAuthor to whom correspondence should be addressed; electronic maimagnification of the marked region with the solid line being the result of the
yg99@columbia.edu fitting with two Lorentziangdashed lines
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TABLE |. Parameters for CdSe and ZnSe. T T T
RT RT
Parametefs CdSe Ref. ZnSe Ref. 514.5nm & LO (IF or WL) ( )
L ¢ P a) |
Eg (V) atT=10 K 1.75 12 2.82 13 488 .
0 2 nm |
Cy1 (10'° N/m?) 6.67 14 8.26 7
C1, (10 N/m?) 4.63 14 4.98 7 l
0.5a,~a,~ag" (eV) —3.45 14 -5.82 7
Mpn/ Mg 0.45 14 0.78 15 500 550
me/mq 0.11 14 0.15 15 Wavelength (nm)
b (eV) -0.8 14 -1.2 7,14
Lattice constantA) 6.052 14 5.668 14 )
fiw o (MeV) 25.8 17 31.4 13 e L
Bo® (mfy) 5000 18 3
C —1 .
dw/dp® (cm™ */GPa) 5.0 16 g LO (IF or WL)
aSee Ref. 10. ~ (b)
bSee Ref. 11. =
‘For simplicity, we use the CdSe value for @d, _,Se QDs. 2 - 4
2
parameters for C&n, ,Se are obtained by linear interpola- -
tion between those of pure CdSe and ZnSee Table )
except forEg, where a quadratic dependenceois used »
with the bowing parameteB=0.35 A e e e .
In Fig. 1(b) we plot the PLE spectrum of 180 200 220 240 260 2}30 300
CdznSel/Zy ¢Bey pxSe QDs T=9 K) taken at the detection Wavenumber (cm )

energy fQvge) Of 2.45 eV (indicated by the arrojy along _ _

ith the PL. The PLE spectrum consists of a sharp strond.o, The RT polarized Raman scattering ~spectra - for
wi ) : p p . g:d(an_XSe/Zrb_gBeo_osse QDs:(a) using the nonresonant 488 nm line of
peak at~2.866 eV, which corresponds to the free excitonan Ar* laser andb) using the 514.5 nm line, which is resonant with the QD
energy in Zra_97Be0_03Se,9 a rather broad feature below this RT PL (see the insgtwith excitation at 325 nm. Open circles are the ex-
peak, which is presumably due to excitation via the CdZnS@;riT]egt?' data, and the solid line is the result of fitting with Lorentzians
wetting layer(WL), and three equally spaced pedlsdi- (dashed lines
cated by A, B, and Cadjacent to the detection energy. The
last three peaks are consistently observed at variouged Raman scattering spectroscopy was performed in the
hvger>2.43 eV(not shown herg below which only one peak  configuration with only LO phonon scattering is allowed. In
(peak A can be observed. The energy separation betweepigs. 2a) and 2b) we plot Raman spectra taken at the room
these three peaks and the difference between the detectiggmperature on the CdZnSelZpBe, o:Se QDs, with the 488
energy and peak A is-28 meV, which is in the range of the and 514.5 nm lines of an Arlaser, respectively. When ex-
CdznSe LO phonon energyif o) (see Table)l Further-  cited with the 488 nm line, which is in the region where there
more, the intensities of these three peaks decrease with dgs only very weak PL emissiolsee the ins¢t the Raman
creasinghvge for reasons to be discussed later. A more carespectrum shows two main peaks: one is a symmetric peak at
ful investigation[see the inset of Fig.(b)] of peak Areveals 289 cnt (35.8 meV, which we attribute to GaAs LO
that it can be fitted well with two LorentZianS, Separatedphononszyo the other has an asymmetric |ineshape and can be
from hvge by ~28.7 meV(peak 1 and 24.7 meMpeak 2, fitted with two Lorentzians peaked at249 cmi! (30.9
respectively. Such a procedure has been carried out at sevefﬁbv) and ~244 cmi! (30.3 meV). We attribute the 249
detection energies across the PL peak, and the results aggy1 peak to 7R 9BepoSe LO phonons, whose energy is
can be understood as due to the LO phonon fromas3 cnit)i®due to the low Be content; note that this value
Cd.Zn, _,Se QDs with a give, peak 2(~24.7-21.4meY s |ower, which is explained by tensile strain, since
is below the bulk energy values of CdSe LO photicand Zng oBeyoSe has a slightly smaller lattice constant than
thus is likely due to a different origin. GaAs. The 244 cm! peak could be attributed either to the

To further understand the origins of these peaks, polaryterface (IF) phonons between the CdZnSe/ZnBeSe
layers?! or to the LO phonons in the WL with-30% Cd.

TABLE Il. Estimated Cd cor_npositionxo and diameter ) of CdSe/ _ The Raman spectrum using the 514.5 nm line, where this
ZnBeSe QDs and corresponding LO phonon and surface phonon energieg, o |ine is resonant with the PL emission, shows additional
hvge Peak 1(LO) Peak 2(SP d features vis-a-vis the nonresonddB88 nm) spectrum. First,
(ev) (meV) (meV) X (nm) a low energy shoulder on the main peak-a226.8 cm*
2470 28.7 047 053 51 (28.1 me\)}. is seen; this is very close tq the_ energy of peak 1
2 450 287 24.7 0.54 53 observed in PLE. Therefore, considering its energy and that
2.441 28.7 22.4 0.54 5.4 it appears only under the resonant condition, we attribute it
2.431 28.8 218 0.53 5.7 to LO phonons in the CdZnSe QDs. Second, an additional
5 42> 203 920 0.47 80 small peak a .6 cm © (24.6 meV appears; it corre-
2417 29.2 220 0.49 74 sponds to peak 2 observed in PLE. Since it also appears only

in resonant Raman scattering, it seems likely that this peak
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has its origin in the QDs too. Peak 2 and the 198.6 &€m 'D. Litvinov, A. Rosenauer, D. Gerthsen, and N. N. Ledentsov, Phys. Rev.
peak are between the CdSe LO and TO phonon energies; 6% 16819(2000. _ _

similar peaks have been previouslv observed for CdSe DSD. Litvinov, D. Gerthsen, A. Rosenauer, H. Preis, E. Kurtz, and C. Kling-
imi P . v 23 previously _V Q shirn, Phys. Status Solidi B24, 147 (2002).

embedded in glad® and have been attributed to surface sy, Sirassburg, Th. Deniozou, A. Hoffmann, R. Heitz, U. W. Pohl, D.
(SP phonons of QDs. Similar features have also been ob- Bimberg, D. Litvinov, A. Rosenauer, D. Gerthsen, S. Schwedhelm, K.

served in PLE studies of CdZnSe/ZnSe nanostructtfrés,  Lischka, and D. Schikora, Appl. Phys. LR, 685 (2000.

4 . . .
n lear identification w. iven. At this time w _ *S. P. Guo, X. Zhou, O. Maksimov, M. C. Tamargo, C. Chi, A. Couzis, C.
but no clear identificatio as give t this time we at Maldarelli, I. L. Kuskovsky, and G. F. Neumark, J. Vac. Sci. Technol. B

tribute this peak to CdZnSe QD SF phonons. 19, 1635(2001).
We now quantitatively estimatgw, o(x,d) for CdZnSe  5m. keim, M. Komn, J. Seufert, G. Bacher, A. Forchel, G. Landwehr, S.
QDs as a function of (including strain andd. First, assum- Ivanov, S. Sorokin, A. A. Sitnikova, T. V. Shubina, A. Toropov, and A.

ing the linear interpolation between CdSe and ZnSe LO pho-, Waag, J. Appl. Phys38, 7051(2000.
non energy valuegsee Table )l and using the pressure de- Previous time-resolved PL studies of these CdSgiBE, ;:Se QDs[X.

d # lculate? f ti ™ Zhou, M. C. Tamargo, S. P. Guo, and Y. C. Chen, J. Electron. Mager.
pendence ohw o, WE Calculaterw o as a function ok. 736 (2003] show that the decay time stays constant upTte150 K,

Then, we obtaimiw o(X,d), using the theory deveIOpe.d iN suggesting zero-dimensional quantum confinement. Therefore, we con-
Refs. 26 and 27 that shows that LO phonon energies de-sider these QDs to be spherical. Since the estimated QD sizes are smaller

crease with decreasing QD size. The parameters used for thighan the Bohr radius in CdSe, corresponding to the strong quantum con-
calculation are summarized in Table |. finement case, the Coulomb energy of excitons has also been ignored.

Having obtainedh (x,d), we are now able to esti- ;C; G- Van de Walle, Phys. Rev. 8, 1871(1989.
g @Lol%,4dJ, 8We note that for spherical QDs there is no shear component of strain;

matex andd of the QDs emitting at a given wavelength. nowever, since the spherical shape is an approximation, including the
From PLE, we obtairi w o(x,d), which is the phonon en-  shear effect for calculation is expected to represent a more realistic case.
ergy of QDS emitting at a Specific energypdet_ hvdet can 9C. Chauvet, E. Tour.niea.nd J.-P. Faurie, Phys. Rev.@, 5332(2000j

also be expressed in termsxandd (see the PL calculation ¢, anq G, are elastic stlffness constangs;, a, , andag are deformation
earlieh. Thus, the intersection of thed*vs x” p|0tS for a potentials of the conduction and valence band edges, and that of the band

. . gap, respectivelyn,, andmeare the effective masses for heavy holes and
ﬁwLO(X'd) and the correspondmg‘1 Vdel(x'd) gives the electrons, respectively is the shear deformation potentidlw, o is the

unique Combmatlon' Pf the.QD size and Cd Comp()s't'On th_at LO phonon energyp, o is a phenomenological parameter describing the
satisfies both conditions simultaneously. In the inset of Fig. phonon dispersion andw/dp is the pressure dependencefiab, g .
1(a), we show such a procedure for QDs emitting at!'s. H.weiand A. Zunger, Phys. Rev. @, 5404(1999.
hvge=2.45 eV (dashed ling with Zw o(x,d)=28.7 meV  *’N. Samarth, H. Luo, J. K. Furdyna, R. G. Alonso, Y. R. Lee, A. K. Ram-
(solid line); this givesx=0.54 andd=5.3 nm. Applying this lgdas' S. B. Qadri, and N. Otsuka, Appl. Phys. LE8, 1163(1990. _
. . H. Hartmann, R. Mach, and B. Selle, @urrent Topics in Materials Sci-
method to several points on the PL curve we ob_(éf&ble 1D ence edited by E. KaldigNorth-Holland, Amsterdam, 1982Vol. 9.
that 5.1 nm<d<8 nm and 0.4%x<0.54, which corre- 14y, pellegrini, R. Atamasov, A. Tredicucci, F. Beltram, C. Amzulini, L.
sponds to the small QDs grodphe radii of QDs(2.5—4.0 Sobra, L. Vanzetti, and A. Francioso, Phys. Re\6B 5176(1995.
nm) are smaller than the exciton Bohr radius in CdS&.4 i?'grﬁnzeé’ Phyz- Stfgué So"di%:]’ 1L1 %3)725 1996
. . . .ochroeaer an . D. Persans, J. Lu . .
nm)’ suggesting strong quantum confinement. . F, Widulle, S. Kramp, N. M. Pyka, A. Gael, T. Ruf, A. Debernardi, R.
The decrease of the phonon peaks from PLE with de- | ;,ck and M. Cardona, Physica 53264, 448 (1999.
creasinghuv 4 is attributed to the dependence of phonon-18y.-N. Hwang, S. Shin, H. L. Park, S.-H. Park, U. Kim, H. S. Jeong, E.-J.
excition coupling strength on Cd composition and QD _Shin, and D. Kim, Phys. Rev. B4, 15120(1996.
size? where the strength decreases with increasing dot sizé 1"e CdSe LO phonon energy at the Brillouin zone edge-24.8 meV

L. . (see Ref. 1yhowever, it increases due to both compressive strain and Zn
above some critical radius. Also, the SF phonon enépgpk interdiffusion.

2) generally decreases with increasing QD siZable II). 2|n our sample there is a GaAs/AlAs superlattice grown on GaAs substrate
This was predicted in Ref. 30 and observed in Raman scat-(see Ref. 4 which is not expected to change the GaAs LO phonon energy
tering studies of CdSe QDs embedded in gfdsEherefore, Signc;ficintlsx(féseg eg-,BP-I_Y- Yu1 ggﬁd M. Cardorfayndamentals of Semi-
H H H H H conductor: ringer, serling, A

our estimation of QDd an.d attribution of this peak to SF 21H, Rho, H. E.pJacgkson, S. L?ee, M. Dobrowolska, and J. K. Furdyna, Phys.
phonons are consistent with each other. Rev. B 61, 15641(2000).
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