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Polarized light emission from antiphase boundaries acting as slanting quantum wells
in GaP/InP short-period superlattices
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Optical properties of anti-phase boundaries (APBs) in monolayer superlattices of GaP/InP are studied.
Determining selectively the arrangements of In and Ga atoms around APBs by cross-sectional scanning tun-

neling microscopy, it is found that atomic layers of InP on (111) and (110), sandwiched between the domains
of superlattices, are formed on APBs. Polarized cathodoluminescence spectroscopy in a transmission electron
microscope suggested that the InP layers act as quantum wells oriented on a slant with respect to the substrate
and they emit light linearly polarized parallel to the layers.
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Crystalline structures in nonequilibrium states such as su-
perlattices (SLs) and quantum wells (QWs), that may possess
many useful properties,' can be produced in semiconductors,
spontaneously or artificially, by modern crystal-growth tech-
niques, i.e., metalorganic chemical-vapor deposition
(MOVPE), etc. During the growth, structural imperfections,
such as defects [e.g., anti-phase boundaries (APBs), stacking
faults, etc.] and composition modulation, are frequently
formed, and they can affect the electronic properties in de-
vice products made of the semiconductors. For example, ato-
mistic structure of imperfect short-period SLs has been in-
tensively examined.>* However, such structure has not been
fully verified due to experimental difficulties. This paper
demonstrates that they can be determined quantitatively by
cross-sectional scanning tunneling microscopy (XSTM)
combined with polarized cathodoluminescence (CL) spec-
troscopy in a transmission electron microscope.

Here atomistic structure in a short-period SL structure
grown spontaneously in GalnP alloys,’ as well as in other
group II-V® and II-IV ternary semiconductor alloys, are
studied. The alloy is comprised of monolayer SLs of
Ga(1+h)/21n(l_h)/zp/Ga(l_h)/zln(1+h)/2P along [1 1 1] and [1 1 1],5
where the order parameter & can be controlled by varying
growth conditions. APBs, at which the sequence of Ga-rich
and In-rich layers is 180° out of phase,® are inevitably intro-
duced during the spontaneous growth of such SLs, and emis-
sion lines with photon energies lower than the band gap en-
ergy Eg, showing signatures of quantum confinement, are
observed in the SLs including APBs. The origin of this emis-
sion has been studied by optical spectroscopy with high spa-
tial resolution combined with transmission electron micros-
copy (TEM) (see Refs. 6-8 and references therein). With
some experimental!! and theoretical'> results, an atomic
structure of the origin was conjectured; it was associated
with APBs. On the contrary, another experiment suggested
that the emission is related to defects except APBs.>!? The
reason for the contradiction is that those workers could not
obtain experimentally structural data of the APBs at an ato-
mistic level. The atomic structure of APBs was hardly deter-
mined with TEM images on which a number of APBs ex-
panding three dimensionally are projected. Their nature was
also examined by XSTM,'*!* even though it was not fully
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explored. This paper suggests that the low-energy emission
arises from QWs grown spontaneously on APBs. The ar-
rangements of In and Ga atoms around APBs were observed
selectively by XSTM, and atomic layers of InP on APBs,
sandwiched between SLs, were observed. The optical data
obtained by polarized CL spectroscopy were consistently ex-
plained with the model that the InP layers on APBs act as
QWs and they emit light linearly polarized parallel to the
layers. These results may help to obtain a comprehensive
insight into atomistic structures of imperfections in nonequi-
librium structures as well as to explore sources of such im-
perfections.

The sample was an undoped GagslnysP layer (1 wm
thick) on a GaAs substrate grown by MOVPE (the growth
temperature of 650 °C, growth rate of 0.4 nm/s, III/V ratio

of 370). The substrate was 2° off from (001) towards [110],

so SLs along [111] were mainly formed.'S A small chip of
the sample was installed into an ultrahigh vacuum (UHV)
scanning tunneling microscope (JEOL, JST-4500T), and then
cleaved at a UHV of 1 X 107 Pa so as to make a clean (110)
surface. A W tip etched electrochemically was approached on
a GalnP SL with a UHV scanning electron microscope.'®
XSTM images were obtained at room temperature by the
constant-current mode (a set current of about 100 pA). A
sample voltage of about +3 V was used so as to image the
empty-state density associated with In and Ga atoms. Polar-
ized CL spectra and TEM images were obtained
simultaneously!” from a (110) cross section (about a few
hundred nm thick) of the sample, at the temperature of about
20 K. A beam of 80 keV electrons was used for fear of
varying the atomistic structure of GaInP SLs.'® The probe
size of a beam for the spectroscopy was about 200 nm, and
the spatial resolution was estimated to be about 350 nm."”
The effect of magnetic field in the microscope (about 1 T) on
p-CL spectra is believed to be negligible for GaInP SLs.?
Figure 1(a) shows a XSTM image of GaInP SLs. A cen-
tered rectangular net was observed [Fig. 1(c)]. The diamond
in Fig. 1(c) denotes a primitive mesh unit of the ¢(2X2)
structure; the length of a side is about 6.9 A, and the obtuse
angle is about 110°. A GaAs surface on the same specimen
was subsequently examined, and the well-known p(1X1)
structure?! was observed (not shown). Analyses of the
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FIG. 1. (a) An empty-state image of GalnP SLs. The image is
not filtered or artificially enhanced in any way. APBs are extended
along the atomic rows indicated by the arrows. (b) The power spec-
trum of the fast Fourier transform (FFT) of (a). (c) A zoom-in view
from the square region in (a). (d) The areas where the image heights
are in the range from (x—0.1) A to (x+0.1) A in (c), in which x is
the image height at a. (¢) The bright areas in (d) arrange on dipe-
riodic nets. (f) Height profiles along (a), (b), (a)—(c), (b)—(c), and
(a)—(d) in (c). (g) The corresponding model for GaInP SL.

XSTM images revealed that the ¢(2 X 2) mesh unit is defined
by two fundamental translation vectors along [112] and

[112]. It is believed that the heights on XSTM images of
GalnP SLs are determined by two factors, i.e., the difference
of the bond length for In-P to that for Ga—P and the band
offset at the InP/GaP interface,'® and so the height of the nth
In layer, nearby the surface, would be higher than that of the
nth Ga layer on empty-state images. Figure 1(g) shows the
corresponding model of a SL. The bright dots in Fig. 1(c),
that have the same height as the dot at a, represent In atoms
in the first layer [Fig. 1(d)]. The first In layer is about 0.4 A
higher than the first Ga layer [(b)—(c) in Fig. 1(f)], and the
distance from the first In layer to the second In layer (about
0.6 A22) is smaller than that to the second Ga layer (about 0.8
A) [(@)—(c) and (a)—(b) in Fig. 1(f)]. The arrangement of In
atoms in the first layer was also observed on an image of the
inverse fast Fourier transform (FFT) of the spots marked by
the arrows in Fig. 1(b) (not shown). Similar ¢(2 X 2) struc-
tures were observed on filled-state images,'>'* and a bright
dot on the net points was explained as a topmost P atom
bonded to two In atoms.'?

APBs were observed on XSTM images. For example, as
shown schematically in Fig. 1(e), the sequence of In rows

along [112] (as a guide, see the solid lines) was 180° out of

phase at the atomic row, along [110], indicated by the ar-
rows. The row did not consist of the sequence of In-Ga-
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FIG. 2. (a) A low-magnified empty-state image, in which the
contrast is artificially enhanced, and (b) the corresponding FFT
power spectrum. (c) The image of the inverse FFT of the spots
marked by the single arrows in (b), showing up In atoms in the first
layer. The solid and broken curves denote monolayer-height (about
2 A) steps and APBs, respectively. (d) and (e) Zoom-in views from
the square regions in (c); (d) an APB consists of single Ga rows
along [112] and [110], and (e) an APB consists of an single In row
along [001]. (f) The image of the inverse FFT of the spots marked
by the double arrows in (b), showing up both In and Ga atoms in
the first layer.

In-Ga ... but that of In-In ... in the first layer [(a)-(d) in
Fig. 1(f)]. APBs were extended along [112], [001], [110],

and [112] [e.g., Figs. 1(a) and 2(c)], and about half of APBs
consisted of single In rows of the sequence of In—In ... in the
first layer [e.g., Figs. 1(d) and 2(e)]. The other APBs con-
sisted of single Ga rows of the sequence of Ga—Ga ... in the
first layer [e.g., Fig. 2(d)]. As shown later, TEM suggested
that many planar segments of APBs are nearly perpendicular
to (110). A single In (or Ga) row along [112], [001], [110],
or [112] would be interpreted as the cross section of an
atomic layer of InP (or GaP) lying on (111),(110), (001), or
(111), respectively.

A wide area of 200X 80 nm? was observed by XSTM,
and the data®® showed that the alloy consists of small do-
mains (a size of 5-10 nm) of SLs with h=1 [e.g., Figs. 1(a)
and 2(c)]. The domains of similar size occupied about
75% +10% of the observed area, so the order parameter was,
on average, estimated that 7=0.5+0.2. They were bounded
by APBs [e.g., Figs. 1(e), 2(d), and 2(e)] and disordered
zones, in which In and Ga atoms are distributed randomly,
about 2-3 nm in width [e.g., Figs. 1(a) and 2(c)]. Most APBs
were rather short (2-10 nm), while an APB was extended,

nearly along [111], through the observed area [e.g., the bro-
ken curve along (a)—(b) in Fig. 2(c)]. The total length of the
single In rows along [hkl] (hkl=112, 001, 110, or 112), I,
was estimated, and  [;;7o): o017 1107 f[T12)=8: 11:4:3.
Stacks of In (or Ga) rows, i.e., aggregations of InP (or GaP),
were not observed. Also, changes of a periodic stack of
group III atomic rows except APBs, such as stacking faults
and dislocations, were not observed [e.g., Fig. 2(f)].

Figure 3(a) shows a TEM image of the specimen charac-
terized by p-CL spectroscopy. No extended defect except
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FIG. 3. (a) The experimental setup for polarized CL spectros-
copy. The left figure shows a dark-field TEM image of a specimen
obtained from a SL reflection. The encircled area is characterized. A
CL light emitted from the specimen is reflected on an ellipsoidal
mirror and the reflected light is transmitted in a linear polarizer. The
transmission direction of the polarizer for electric field is deter-
mined by the rotation angle ¢. Then, the transmitted light is col-
lected into a charge coupled device detector through a monochro-
mator. (b) Polarized CL spectra for various ¢. (¢) CL intensities vs
¢. The solid or broken curve is a calculated CL intensity for the

QW on (110) or (111), respectively.

APBs was observed. Dark black bands extended nearly along

[111] were APBs, and the geometry of a band was similar to
that of the long-extended APB on XSTM images. Light gray
bands nearly along [001] were presumably associated with
the short APBs, as well as disordered zones, observed by
XSTM. Since many parts of the bands were narrow, many
planar segments of APBs were nearly perpendicular to (110),
in the thin TEM specimen. The TEM specimen emitted CL
light with photon energy of Eg=1.90 eV [Fig. 3(b)], due to
the band-to-band transition in SLs. The order parameter was
estimated that h=0.47 with an empirical formula,* and the
estimated value was comparable to the XSTM data. Similar
TEM and CL data were obtained from any area in the speci-
men. The structural nature of the TEM specimen was, there-
fore, the same as the XSTM specimen, at a mesoscopic scale.

The TEM specimen emitted low-energy CL light with
photon energies of Eg—20 meV and Eg—33 meV [Fig.
3(b)]. The low-energy CL light, as well as the CL light with
Eg, were polarized in (110) [Fig. 3(c)]. The intensity of the
low-energy CL light with Eg—20 meV was a maximum
(about 7 in an arbitrary unit) at about ¢»=50°, similar to that
of the CL light with Eg. This means that the light was lin-
early polarized along [112].25 On the other hand, the inten-
sity of the low-energy CL light with Eg—33 meV was a
maximum (about 12) at about ¢=90°. The light was linearly
polarized along [001]. As a result, the low-energy CL light
with Eg—20 meV or Eg—33 meV was, respectively, polar-
ized parallel to the planar segments on (111) or (110) of
APBs. Since APBs expand two dimensionally, the total area
of the planar segments of APBs observed as single rows
along [hkl] on XSTM images is, as an approximation, pro-
portional to lfh,d]. The ratio between the total area of the

planar segments on (111) and that on (110), l?lfz]/lfom]
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~064/121, was comparable to the ratio between the
maximum intensity of the low-energy CL light with
Eg—20 meV and that with Eg—33 meV,7/12. These results
support that the low-energy CL light with Eg—20 meV or
Eg—33 meV, respectively, correlates with the planar seg-

ments on (111) or (110) of APBs. Similarly, the planar seg-

ments on (001) and (111) of APBs might emit low-energy
CL light, but this emission would be scarcely observed since
the total areas of the planar segments were rather small.

It has been proposed that the low-energy emission arises
from disk-like InP layers on APBs acting as QWs, by means
of magneto u-photoluminescence measurements by applying
the magnetic field in different directions with respect to the
average extension direction of long-extended APBs,!! and a
theoretical study of the disk-like InP layers has revealed that
the model explains various properties of the low-energy
emission.'? Based on the InP QW model, the ¢-dependent
intensity of the lights emitted from a QW and then transmit-
ted through an apparatus!” for polarized CL spectroscopy
was calculated,?® with a classical QW theory.?” The result for

a QW on (I111) or (110), respectively, explained well the
¢-dependent intensity of the low-energy CL light with
Eg-20 meV or Eg—33 meV [Fig. 3(c)]. The photon energy
of the light emitted from a QW should decrease with increas-
ing the QW thick. The thickness of a InP layer on the planar

segment of (111) or (110) of APBs, respectively, was esti-
mated to be 0.33 or 0.40 nm from Fig. 1(a), and the former
value was smaller than the latter one. Moreover, an InP layer

thinner (0.28 nm) or thicker (0.57 nm) than the (111) and

(110) InP layers, grown artificially in a GalnP alloy, emits
the light with higher (Eg—14 meV) or lower (Eg—47 meV)
energy, respectively.”? Thus the polarization, intensity, and
photon energy of the low-energy CL lights, emitted from an
undoped sample in the present study, were expounded with
the InP QW model. Scanning near field spectroscopy com-
bined with TEM has suggested that the low-energy emission
does not correlate with APBs, since a number of low-energy
lines with different energies were emitted from small areas
both on and off long-extended APBs.%!? This paper showed
that small domains of SLs bounded by APBs, that are ob-
servable by XSTM but not observed clearly by TEM, exist in
the “large domains” bounded by long-extended APBs that
are distinctly observable by TEM, and no defect except
APBs was observed. It is theoretically expected that the pho-
ton energy of the low-energy light emitted from a disk-like
InP layer depends on the size of the disk.'> The low-energy
lines observed in Refs. 9 and 10 might be emitted from small
InP layers with different size, on APBs inside large domains.
Atomic layers of GaP sandwiched between domains of SLs
would not emit CL, as expected theoretically.'?

Localized energy levels in InP layers sandwiched between
domains of SLs may be determined by XSTM. The image
heights around some APBs differed from that on domains of
SLs [Fig. 2(a)], even though the cleaved surface was atomi-
cally flat. Similar mottled contrast was observed on a GalnP
alloy,3° and it was attributed to electronic and strain effects
associated with fluctuations in the alloy composition.>' The
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electronic states around APBs would be modified by intro-
ducing InP layers.'? Further study, especially at low tempera-
tures, may be necessary to explain the contrast.

In conclusion, observing distinctly the arrangements of
atoms by XSTM and obtaining polarized CL spectra at a
high spatial resolution, the novel atomistic structure of
GaP/InP short-period SLs has been proposed; slanting QWs
are formed spontaneously in the SL structure. The experi-
mental method will be used for discovering and quantitative
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understanding of novel optical properties of various kinds of
nanostructures.

This work was partially supported by the Ministry of Edu-
cation, Science, Sports and Culture, Grant-in-Aid for Young
Scientist (A)(2) No.15681006, 2003-2005. GalnP SLs were
provided by Mitsubishi Chemical Co. I am indebted to Pro-
fessor S. Takeda for use of the facilities and for fruitful dis-
cussion.

*Electronic address: ohno@phys.sci.osaka-u.ac.jp
' A. Franceschetti and A. Zunger, Nature (London) 402, 60 (1999).

L. Bai, J. Tersoff, and F. Liu, Phys. Rev. Lett. 92, 225503 (2004).

3C. Pearson, C. Dorin, J. M. Millunchick, and B. G. Orr, Phys.
Rev. Lett. 92, 056101 (2004).

4J.H.Li, S. C. Moss, Y. Zhang, A. Mascarenhas, L. N. Pfeiffer, K.
W. West, W. K. Ge, and J. Bai, Phys. Rev. Lett. 91, 106103
(2003).

SA. Gomyo, T. Suzuki, K. Kobayashi, S. Kawata, I. Hino, and T.
Yuasa, Appl. Phys. Lett. 50, 673 (1987).

5For example, A. Chakrabarti and K. Kunc, Phys. Rev. B 68,
045304 (2003).

"For example, H. S. Lee, J. Y. Lee, T. W. Kim, D. U. Lee, D. C.
Choo, and M. D. Kim, J. Appl. Phys. 91, 5657 (2002).

8L. C. Su, 1. H. Ho, and G. B. Stringfellow, J. Appl. Phys. 75,
5135 (1994).

9S. Smith, A. Mascarenhas, and J. M. Olson, Phys. Rev. B 68,
153202 (2003).

108, Smith, A. Mascarenhas, S. P. Ahrenkiel, M. C. Hanna, and J.
M. Olson, Phys. Rev. B 68, 035310 (2003).

1'U. Kops, P. G. Blome, M. Wenderoth, R. G. Ulbrich, C. Geng,
and F. Scholz, Phys. Rev. B 61, 1992 (2000).

12T, Mattila, S. H. Wei, and A. Zunger, Phys. Rev. Lett. 83, 2010
(1999).

IBN. Liu, C. K. Shih, J. Geisz, A. Mascarenhas, and J. M. Olson,
Appl. Phys. Lett. 73, 1979 (1998).

14 A. J. Heinrich, M. Wenderoth, M. A. Rosentreter, K. Engel, M. A.
Schneider, R. G. Ulbrich, E. R. Weber, and K. Uchida, Appl.
Phys. A: Mater. Sci. Process. 66, S959 (1998).

158, Takeda, Y. Kuno, N. Hosoi, and K. Shimoyama, J. Cryst.
Growth 205, 11 (1999).

16N, Ozaki, Y. Ohno, M. Tanbara, D. Hamada, J. Yamasaki, and S.
Takeda, Surf. Sci. 493, 547 (2001).

17Y. Ohno and S. Takeda, Rev. Sci. Instrum. 66, 4866 (1995).
18, Ohno, Y. Kawai, and S. Takeda, Phys. Rev. B 59, 2694 (1999).
195, M. Davidson, J. Microsc. 110, 177 (1977).

20P, Ernst, Y. Zhang, F. A. J. M. Driessen, A. Mascarenhas, E. D.
Jones, C. Geng, F. Scholz, and H. Schweizer, J. Appl. Phys. 81,
2814 (1997).

2IR. M. Feenstra and A. P. Fein, Phys. Rev. B 32, 1394 (1985).

22The estimated distance is smaller than the distance expected in-
side a SL (about 2 A), since the apex of the XSTM tip is not
sharp enough to probe the second In layer.

23The arrangement of In atoms in the first layer was partly deter-
mined with Fourier filtered images. As discussed in the text, a
mottled contrast, presumably due to fluctuations in the alloy
composition around APBs, was observed in unfiltered XSTM
images of low magnification, and so it was difficult to select In
atoms in the first layer from the images.

24P. Ernst, C. Geng, F. Sholz, H. Shweizer, Y. Zhang, and A. Mas-
carenhas, Appl. Phys. Lett. 67, 2347 (1995).

H. M. Cheong, Y. Zhang, A. Mascarenhas, J. F. Geisz, and J. M.
Olson, J. Appl. Phys. 83, 1773 (1998).

26, Ohno and S. Takeda, J. Electron Microsc. 51, 281 (2002).

27 An InP QW would emit lights due to the optical transition from
an electron state to the heavy-hole state in the QW (see Ref. 12).
The intensity of a light may be proportional to cos®d, in which @
is the angle between the wave vector of the light and the normal
vector of the QW layer (see Ref. 28).

28E. 0. Kane, J. Phys. Chem. Solids 1, 249 (1957).

2N. Carlsson, W. Seifert, A. Petersson, P. Castrillo, M. E. Pistol,
and L. Samuelson, Appl. Phys. Lett. 65, 3093 (1994).

0y, Dong, R. M. Feenstra, M. P. Semtsiv, and W. T. Masselink,
Appl. Phys. Lett. 84, 227 (2004).

3IH. A. McKay, H. Chen, R. M. Feenstra, and P. J. Poole, J. Vac.
Sci. Technol. B 21, 18 (2003).

121307-4



