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Influence of Te impurity on morphology of GaSb epilayer grown
on GaSb (001) patterned substrate by liquid phase epitaxy
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We have studied the effect of Telluriu(e) impurity on morphology of GaSb epilayer grown on
GaSh(00)) circular patterned substrates by liquid phase epitaxy. The results of the Te doped GaSb
epilayers have been compared with the undoped GaSb epilayer under identical growth conditions.
After the addition of Te impurity up to 0.12 mol % in the starting solution, it is observed that a
(311)B facet is formed instead of@11)B facet while there is no such transition in il )A facet.

The reason for the transition of thigl1)B facet to the(311)B is discussed and an atomic model is
proposed to explain the transition of the facet. The cross-seciibb@|plane of the Te doped GaSb
epilayer after stain etching in a permanganate etchant reveals that two boundaries are separating
differently doped upper and lateral regions of the epilayer. Furthermore, a few Te impurity striations
are observed in the lateral region of the epilayer but none are found in the upper region. The growth
time dependence of the morphology of Te doped GaSb epilayer shows thg1thB facet is
initially formed and becomes dominant after three hours growtl2005 American Institute of
Physics [DOI: 10.1063/1.1834723

I. INTRODUCTION II. EXPERIMENT

In recent years, the growth of epilayers with pyramidal  |n this study, GaSk001) patterned substrates with a cir-
structure has attracted much attention because of their pronay|ar open window diameter of 6Q@m were used. Figure 1
ising potential applications to optical device§.Campbell  shows the schematic illustration of the patterned substrate. In
and Green found that pyramidal texturing of the substratgyder to fabricate the patterned substrate, first g@r2thick
surface gave rise to a significant degree of light trappindamorphous Sil film was deposited on GaS@01) sub-
within the substraté.Based on the pyramidal textured struc- strates by p|asma assisted chemical vapor deposition using
ture, silicon solar cell with a high efficiency was obtairfed. SiH, and N, gases. The circular open windows in the SiN
Furthermore, a silicon light emitting diodeED) with pyra-  film were formed by the combination of standard photoli-
midal textured structure has an efficiency of 1%, which isthography and reactive ion etching using,Gfd O gases.
about 100 times higher than the previous silicon LEwil- A conventional LPE system was employed to grow the
liams et al. have reported that the square based pyramidapilayers on the patterned substrates. After loading the
structures have the desired geometry for the formation of dource materials of 6 N Ga, undoped p0|ycrysta”ine GaSh
corner cube mirror upper reflector and for microcavity deviceand Te polycrystalline powdéfor Te doped GaSh epilayer
applications by regrowth.Compared with vapor phase epi- a graphite boat was heated to 700 °C and held at the tem-
taxy, liquid phase epitaxyL PE) has the advantage of offer- perature for 3 h to make the solution homogeneous. Subse-
ing higher crystal quality as well as greater selectivity inquently, the solution was cooled down to 550 °C and kept in
selective area epitaxy. For the past few years, GaSb has begpntact with an undoped GaSb source substrate for an hour
considered as a promising material for detectors, thermop saturate the solution. Epitaxial growth was carried out
photo voltaic(TPV) cells, etc., in the near infrared region. with a supercooling of 1 °C by decreasing the temperature

In our previous investigations, a hollow truncated pyramidalrom 549 °C at a cooling rate of 10C/h. Theresidual so-
structured GaSb epilayer was grown on a G&3bl) pat-

terned substratélt has been shown that the pyramidal epil-
ayer can be employed to fabricate a TPV cell. Further, an
efficient light trapping has been expected in the pyramidal
epilayers and subsequently to improve the conversion effi-
ciency of the TPV cells.

In this work, we have investigated the influence of
n-type dopant(Te) on the morphology of GaSb epilayer
grown on GaSk00)) circular patterned substrates by LPE.
The growth time dependence of the morphology on the Te

SiNy GaSb

doped GaSb epilayer has also been studied. (@) ®)

FIG. 1. Schematic illustrations of a Ga8l01) substrate with circular open
dCorresponding author; electronic mail: royhaya@ipc.shizuoka.ac.jp seed window(a) top view, and(b) cross-sectional view.
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lution on the epilayer surface was removed by immersing the
samples in a dilute HCI solution. The resulting epilayers
were analyzed by a scanning electron microsa&ieM) fa-

cility. All the SEM images were recorded under secondary
electron mode. The cross section of the Te doped GaSb ep-
ilayer was analyzed after stain etching in a permanganate
etchant.

Ill. RESULTS AND DISCUSSION

A. Influence of Te doping concentration on
morphology of GaSb epilayer

In order to analyze the effect of Te doping concentration
on the morphology of a GaSb epilayer, undoped GaSb and
Te doped GaSb epilayers have been grown on Ga8t)
substrate with circular open seed window under the identical
growth conditions. The corresponding SEM images of the
epilayers are shown in Fig.(®, undoped GaSb and Te
doped GaShb epilayers with Te concentration in the starting
solution of (b) 0.012 mol %, (c) 0.053 mol %, and(d)
0.12 mol %. It is observed that the undoped GaSb epilayer
shows a hollow truncated pyramidal structure with mirrorlike
top (001 and side{111} facets. In our previous work, the
side {111} facets of the pyramidal epilayers have been iden-
tified as two kinds of facets, namely 11)A and (111)B.8 In
contrast, Te doped GaSbereafter, GaSb:Jepilayers show
a complicated polyhedron structure. Figurgb)2and 2c)
show the GaSh:Te epilayers, which appear as a hollow trun-
cated polyhedron structure with t¢p01) facet and irregular
side faces. The epilayer shown in FigdRis a regular poly-
hedron structure with regular side faces and without a top
(001) facet. It is clearly seen that the morphology of the
undoped GaSh epilayer is dramatically modified due to the
addition of Te impurity.

The structure of the Te doped GaSb epilayer as shown in
Fig. 2d) is explained as follows: the GaSh:Te sample is
cleaved to reveal th¢l10) cross-sectional plane and then _ _
lapped down up to the line W-Was drawn in Fig. @), F15:% S50 Imeges o indopec Gach s Te deped Caoh eplaers

subsequently polished with an alumina powder of averagg os3 mol % and(d) 0.12 mol %. Dashed circle represents the edge of the
grain size of 0.05um. In order to reveal Te impurity distri- circular open seed window.

bution on the(110) cross-sectional plane, a permanganate

etchant (KMnO,4(0.05M):HF:CH;COOH=1:1:1, vol. ra- . . ) . )

tio) is used to etch the sample since the etchant is shown to SINce the lateral growth is an anisotropic growth of vari-

be very sensitive to reveal the Te striations in InSh and InOUS crystal faces, the growth rate depends on the stability of

GaSb crystal§’.1° The etching was carried out at room tem- the crystal face. If the growth rate is low, the crystal face has
perature for 5 min. The resulting SEM image is shown inhigher stability. For the undoped GaSb epilayer, thel)B

Fig. Xa), in which the angle between the side facets andacet has the lowest growth rate. After the addition of Te
(001) substrate surface is found to be 25.2°. Thus, the twdmpurity, the (111)B facet is modified to311)B facet. The
side facets are identified &311)B. The other two side facets Observed result indicates that 81 1)B facet becomes more
are identified ag111)A according to a inverse triangular etch Stable than th€111)B facet after the addition of Te impurity.
pattern as shown in the inset of Figag which is a surface  Similar results have been observed by the doping of Te im-
feature of thg111)A surface® The irregular side faces of the Ppurity into GalnP and GaAs epilayers grown by organome-
GaSh:Te epilayers in Figs(® and 2c) become a regular tallic vapor phase epitaxy:*?

face,(311)B facet[Fig. 2(d)] with increasing the Te concen- Two possible origins for the transition ¢11)B facet to
tration in the starting solution. In addition, the growth in the (311)B can be considered; first, the facet transition depends
central seed area of the substrate is completed so that tlee the number of available bonds to the Te atom on the
hollow structure is not observed for highly Te doped epilay-surface. A Sb atom on thd11)B surface may bond to three
ers, as shown in Figs(@ and 3a). underlying Ga atoms. The remaining bond in the tetrahedral

200 um
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FIG. 4. Schematic diagram of antisite complex¥g Gag,Tes,) formed on
the (311)B surface.

for GaSh:Te epilayer grown by liquid phase epitd%y’ In

Fig. 4, the dangling bonds on tti@11)B surface can provide
three adjacent dangling bonds to form the antisite complexes
(Ve Gagplesy), while there is no such surface structure on
the (111)B surface. As a result, the antisite complexes could
preferentially occur on thé311)B surface, and therefore, the
(311B facet is stabilized.

On the other hand, the reason for the unmodifiedl)A
facet can be explained as follows: For GaSbh:Te epilayer, the
outermost atomic layer in thd11)B face is composed of Te,
Ga, and Sb atoms, while the outermost atomic layer in the
(111)A face is composed of only Ga atom. Thus, the atomic
structure of thg111)A facet is unmodified in contrast to the
(111)B facet, which is reconstructed to tk&l1)B facet after
the addition of Te impurity up to 0.12 mol % in the starting
solution. However, further investigations are necessary to
correlate the reconstructions of th&l1)B and (311)B sur-
aces.

FIG. 3. (a) Cross-sectional image of Te doped GaSb epilayer along the lin
W-W’, as shown in Fig. @) after stain etching. The inset shows an etch
pattern on thg111A facet after etching in HCI:HN@H,O=1:1:1,vol.
ratio for 3 min at room temperaturgb) and(c) are the magnified images of

the dashed regioris andR drawn in(a), respectively. B. Formation of boundaries and striations

in GaSh:Te epilayer

Figures 8b) and 3c) show the magnified SEM images
configuration of the Sb bonds either to another Sh atom, thegdashfd)regiongls)andR drawn ir% Fig. 3) respeg—
forming a dimer or surface reconstruction of tELD B. e\ |t is observed that there are two zigzag boundaries
However, Te has more electrons in the outer bonding SheHXX’ andYY') and a few striations under the zigzag bound-

and so will not form the same dimer or surface reconstrucaries’ as indicated by white arrows in FiggbBand 3c).

tion as Sb atom. Lee and Stringfellow have reported that th?ndeed, the two zigzag boundaries originate from the inter-
value ofn with only odd values for thé11n) facets inside {50 of SiN, mask layer(X’,Y') and propagate into the sur-
the surface stepzincreases with increasing Te doping concefsce of the epilaye(X andY). The corresponding two re-
tration in GaAs*? Second, III-V compound semiconductors gions separated by the boundary are assigned as the upper
with zinc blende structure exhibit different polarities along gng |ateral regions, as shown in the Figéh)3and 3c), re-
(111) directions. The outermost atomic layer in each face isspectively. Since the stain etchant is very sensitive to Te
composed of either group Iffor (11DA face] or group V distribution®* the observed result implies that the stria-
[for (111)B face] atoms which are triply bonded to the lat- tjons are composed of Te. It should be noted that no such Te
tice. Furthermore, eactil11)B surface atom has one dan- striations found in the upper region, as indicated in Fig. 5.
gling single bond whereas each00) surface atom has one It is well known that the Epitaxial Lateral Overgrowth
dangling double bond. On the other had11)B, (31)B,  (ELO) layer has different properties of the upper and lateral
and (511)B surfaces are composed of dangling single andegions'® Zytkiewicz et al. have found that differently doped
double bond sites, which make the surfaces partidlbl)-  regions of the GaAs:Te layer were separated by two bound-
like and partially(100-like. In the case of311)B surface aries and the upper region of the epilayer showed increased
(see Fig. 4, there are equal densities of dangling single anctathodoluminescence intensifyzhanget al. have also ob-
double bond sites resulting in equal weighting of th&l)- served the similar result for a nitrogen doped GaP ELO
like and (100)-like components® Based on the discussions, layer® In our case, the formation of the boundaries is due to
an atomic model is proposed to explain the transition of thelifferent growth mechanisms between the upper and lateral
(111)B facet to thg311)B facet. It is known that the Te atom regions. Since the striations in the lateral region are origi-
occupies Sb site and forms antisite comple®és.GagpTesy,) nated from the solid—liquid interface during the growth, it is
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FIG. 5. Schematic diagram of cross-sectional view of the GaSh:Te epilayer,
as shown in Fig. @&).

believed that the lateral growth front is atomically rough
face, and the atoms can be added in a random fashion. On the
other hand, the upper region with a growth front of the
(311)B facet grows by two-dimensional nucleation or propa-
gation of steps through substrate dislocations. As a conse-
guence, two different incorporation rates of impurity on the
regions could be expected. On the rough lateral growth frontziG. 6. SEM images of the GaSb:Te epilayers with Te concentration of
the Te impurity distribution coefficient should be the equilib- 0.12 mol % in the starting solution for growth time @ 30 min and(b)
rium one, but on the upper singular face, the kinetics should h- The lateral growth fronts are indicated by the dashed white arrows.

govern the impurity incorporation process with the distribu-5.e formed under twel11)A facets and they are identified as
tion coefficient being dependent on the vertical growth rate(gll)B facets since the angle between the downward facet
As a result of the different incorporation rates of the impu-anq (001) substrate surface is about 72.5°. It should be no-
rity, Te striations occur in the lateral region but none arejceq that the growth front in thgl10] direction is different
found in the upper region. Wittt al. have reported that the o that in the[1-1Q direction, which is atomically rough
impurity striations are due to variations of nonequilibrium 55 shown in Fig. @). Indeed, the growth front face in this
distribution coefficients, which are caused by temperaturgjiracion is initially faceted and there is no Te striations
fluctuations near the solid—liquid interfateThese Te stria- found in the lateral region along thid10] direction. The
tions are equally likely to appear in both the lateral regiongpserved result agrees well with the results presented in Sec.
and the upper region. However, our results show that thg| g since the(111)A and (311)B facets grow as the side

striations occur only in the lateral region. This is direct evi-f5cets of the GaSb:Te epilayer, the two faces are relatively
dence to highly support that there are different mechanismg;gpje compared with all the other crystal faces.
of incorporation of Te atoms in the upper and lateral regions.

IV. CONCLUSION

C. Effect of growth time on morphology In summary, we have investigated the influence of Te
of GaSb:Te epilayer impurity on the morphology of GaSb pyramidal epilayer

The time dependence of the growth morphology of the
GaSh:Te epilayer is studied in order to investigate the forma-
tion process of th¢311)B facet. Figures @&) and gb) show
the GaSh:Te epilayers with the Te concentration in the start-
ing solution of 0.12 mol % for the growth time of 30 and
60 min, respectively. It is found that the811)B facet is
formed initially [Fig. 6@)], and then develops gradua]llig.

6(b)] and becomes dominant after 3 h growth, as shown in _ GasSb (001) substrate
Fig. 2(d). The boundaries between the upper region and the 100 ym
lateral region can be observed in different periods on the

surface of the epilayers, as shown in Fig&)@&nd &b). In (b)

addition, the lateral growth front face along tfie-1Q ori-

entation appears as a zigzag line, which contains many

growth front faces. These growth front faces coalesce with (311)B

additional growth, as indicated by the white dashed arrows.
Figure 7a) shows the cross-sectiond—10 plane view GaSb (001) substrate

of the epilayer, as shown in Fig(l§ after stain etching using ] .
the same conditions as described in Sec. Il A. The corre- [IEpilayer MMISIN. film (]S

sponding cross-sectional _SCh_ematiC illustration is shown i 7. (a) cross-sectional view of the GaSb:Te epilayer as shown in Fig.
Fig. 7(b). As can be seen in Fig(a), two downward facets 5(b) after stain etching(b) Schematic illustration of the cross section.

Te doped GaSb epilayer
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