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Reconstruction-dependent electron-hole recombination on GaA601) surfaces studied
by using near-surface quantum wells
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Using an ultrahigh-vacuum photoluminescence system, electron-hole recombination on clean reconstructed
GaAg001) surfaces is characterized by measuring photoluminescence spectra of near-surface quantum wells.
The luminescence from the quantum well with an As-ri2ix4) surface is stronger than that with a Ga-rich
(4x6) surface, showing that the surface recombination is faster @it6) than with (2x4).

Electron-hole surface recombination plays an importanteported by Sandroft al,?! but they obtained reconstructed
role both in semiconductor physics and device performancesurfaces by annealing As-decapped samples, in an ultrahigh
Despite this importance, the origin of the recombination, thevacuum, which were once exposed to air after MBE growth.
surface state, has not yet been clarified as well as that cau$he uniformity of the surface reconstructions prepared by
ing surface Fermi-level pinning. One of the reasons is thathis method is lower than that by &m situ method, and it is
the surfaces on which the electron-hole recombination hasot easy to control the surface stoichiometry, as has been
been studied are not well-defined, regardless of the type afiscussed in some repoft§?223Disorder in surface recon-
samples. In many cases, the surfaces were exposed to theuction caused by this method functions as surface states,
atmosphere and the atomic structures are very complicatedvhich can be the origin of surface recombinatfé®and an

One solution to this problem is to study the surface re-n situ sample preparation is necessary especially for charac-
combination on well-defined clean surfaces. The surfaces wirizing surface recombinations. Therefore, in the present pa-
report in this paper are clean reconstructed G&8® sur-  per, we used well-prepared reconstructed clean surfaces that
faces, whose atomic structures have been recently clarifiedere directly transferred through UHV from the MBE cham-
by modern structural analysis methods like scanning tunnelber to a PL chamber. From the results, it is quantitatively
ing microscopy~® (STM) and theoretical calculatiot$**  clarified that the recombination velocity is faster with Ga-
By using an ultrahigh-vacuunfUHV) photoluminescence rich (4X6) than As-rich(2x4) surfaces.

(PL) system, electron-hole recombination on these recon- The PL measurements were performed with the samples
structed clean surfaces has been studied and the origins iof an UHV chamber whose pressure was kept lower than
the recombination are discussed based on structural modeds<10~2° torr. This chamber was directly connected through
of these surfaces. UHV to an MBE growth chamber. Samples can be trans-

For this study, the PL spectra of near-surface quantunferred from the MBE to the PL chamber without contaminat-
wells (NSQW's) were measured with a UHV-PL system. ing the surfaces, and then they can be cooled by a liquid
This method was first proposed by Moisenall® In the  nitrogen cryogenic mechanism down to 140 K. Reflection
method, the magnitude of the interaction between a NSQWiigh-energy electron diffractiodRHEED) observation can
and a surface can be evaluated from the change in the Pilso be performed for structural study at low temperatures
spectrum as a function of the spacing between the NSQWith the same sample arrangement as for the PL measure-
and the surface. Results with etched surfd€ééhydrogen ments. The sample was excited by an argon laser with a
treated surface¥ Si-inserted interface’,and time-resolved wavelength of 488 nm, which excites not only the quantum
PL measuremerft$have been reported, but all these reportswell (QW) but also the AlGa, _,As barrier layers. The laser
are concerned with the air-exposed surféeecept for Moi-  beam was focused on a 1@@n square on the sample. The
son’s repork growth rates of GaAs and £ba, _,As are different over the

The surface reconstructions used in this study are As-rickample surface, thereby causing a change in the PL spectrum
(2x4)/c(2x8) [referred to as simply2x4) hereaftef, which ~ from the QW. This change obscures the true dependence of
is a most important surface for device fabrication by MBE NSQW intensity on the surface reconstruction. To avoid this
growth, and Ga-rich4x6). The former has an As dimer- difficulty, the PL measurement was performed at a fixed
vacancy row structure, as has been established by recepoint on the samples with an accuracy of 1 mm.

STM observation$:24®~8Ab initio calculation indicates that ~ The fabricated QW structures are shown in Fig. 1. The
no surface state is formed definitely in the fundamental bandubstrates, undoped semiinsulating G@a4) wafers, were

gap for an ideal2x4) surface'* The detailed atomic struc- processed according to a standard procedure before loading
ture of the(4x6) surface has recently been reporfethere  into the chamber. Two QW’s were grown on the substrate.
is no report on the detailed band structures for these surface®ne, written as Ref-QW in the figure, is for PL intensity
but it is expected that the surface energy-level alignment o€alibration and the other, NSQW, is for characterizing the
(4x6) is different from(2x4) and these two surfaces show surface recombination. By changing the ABa, ;As top bar-
different surface recombination velocities. The dependencéer layer thicknes¢d in the figurg, the interaction between

of surface recombination on surface reconstruction has beeghe NSQW and the surface can be controlled. The surface of
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FIG. 1. Fabricated sample structures. g
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the sample was covered by 5 ML of GaAs to obtain a well- & 4 1 L !

established surface structure of GaAs because the surface 146 148 15 152 154 1.5 1.58 16 162

structure of A}Ga,_,As has not yet been studied in detail. Photon Energy (eV)

The GaAs surface layer is thick enough to ensure surface

properties of GaAs and thin enough to avoid an additional F|G. 3. PL spectra of a fabricated sample with a top
quantum level confined in it. The vacuum/GaAsB& _,As  Al,Ga, ,As barrier layer thickness of 10 nm. The sample tempera-
structure forms an asymmetric quantum well but there is naure is 140 K and the excitation power is 7 mW. Sampléhas
qguantum level in it because the vacuum barrier is sufficiently2x4) reconstruction transferred just after the MBE growth. Sample
high.26 A MBE machine equipped with a valved cracker B has(4Xx6) reconstruction prepared by depositing 1 ML of Ga on
cell for the As source was used for sample fabrication. UsingampleA. SampleC has(2x4) reconstruction prepared by anneal-
the cell, the background As pressure can be reduced quickljng sampleB in As pressure.

This is useful for controlling the surface stoichiometry and

preparing a definitely reconstructed surface after the grovvtl"b(2><8) phases. The4x6) pattern shows sharp peaks on
The (2x4) surfaces were prepared as follows. The samplgnteger lines but no sharp peak on fractional-order lines both
was annealed under As flux for 3 min, and then it was cooleg, foyrfold and sixfold lines. This indicates that théx6)

and the As valve was closed. The detailed procedgrg Wasyrface is also atomically flat, but there are many phase
optimized to obtain the most unifor@x4)- structure® boundaries, i.e., disorder, in the periodic structures.

confirmed by RHEED observation. Tl éx6) surfaces were PL spectra of the quantum well structures €10 nm

prepared by depositing 1 ML of Ga atoms on ##<4)  gre shown in Fig. 3. We measured PL spectra of the structure
surface at 500 °C. , _ with three different surfaces. Sampfehas a(2x4) recon-

RHEED patterns obtained at 140 K just before the Plgyyction prepared just after the MBE growth. SamBlaas
measurements are shown in Fig. 2. Cl€2k4) and (4X6) 3 (4x6) reconstruction prepared by Ga deposition on sample
structures were confirmed even after cooling the samples. Ng 4t 500 °C, and samplé was prepared by exposing sample
significant structural change was confirmed from the patterng i, as flux, and it hag2x4) reconstruction. The PL inten-
obtained at room temperatures. The fourfold pattern of th%ity (vertical axi3 was normalized to equalize the intensity
(2x4) surface shows sharp peaks both on fractional- angy ihe Ref-QW’s. The luminescence from the NSQW of
integer-order lines along the zeroth-order Laue zone. Thi%ampIeB is weaker than those @ andC, showing that the
indicates that the surface is atomically flat and the fourfoldg, face recombination is faster withx 6) than with(2x4).
periodicity is highly coherent. The twofold pattern @<4) e intensity from the NSQW is almost the same betw@en
is a bit disordered probably due to the mixtur&(2k4) and  angA. From this results and those by RHEED observation,

we believe that there is no significant contamination of the

()] (1101 azimuth - [170] azimuth sample surfaces during the.samplle transfer anq the cooling

" process. The observed PL intensity difference is, therefore,
due to the native dependence of recombination velocity on
the surface structure.

The relative integrated PL peak intensity, i.ENSQW
integrated peak intensifRef-QW integrated peak inten-
sity) is shown in Fig. 4, as a function of the top, &a, _,As
layer thicknesdl. The intensity reduced by decreasidgs
reported by Moisoret al!® The intensity was more rapidly
()] 11101 azimuth [110] azimuth r_educed for(4x6) than t_hat_ with(2X4). As has been men-

tioned already, the excitation was performed by a 488-nm
line of Ar laser, which excites both quantum wells and bar-
rier layers. Therefore, the reduced luminescence from
NSQW has two origins. One is the recombination of
electron-hole pairs diffused into the surface from the two
Al,Ga, _,As barrier layers. The other is the recombination of
electrongor holeg tunneled from a quantum well after being
trapped by the well. It is very difficult to distinguish these

FIG. 2. RHEED pattern obtained at 140 K before PL measuretwo processes but, at least, the reduced PL intensity from the
ments:(a) (2x4) surface andb) (4x6) surface. NSQW directly indicates increased surface recombination.
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FIG. 4. Normalized integrated PL intensity of NSQW versus 0.1 1.0 10
surface A|Ga; _,As barrier thickness. The lines are guides for the Excitation Laser Power (mW)

eyes.

FIG. 5. Excitation power dependences of PL peak intensity of
Ref-QW’'s and NSQW'’s for(2x4) and (4x6) surfaces. The
Al,Ga _,As barrier layer thickness is 8.6 nm.

Moison et al. have also reported a redshift of more than 10
meV for thinner AlGa, _,As barriers. In our measurements
with the (2x4) surface, the peak position of the NSQW is

constant with an error of less than 1 meV. This discrepancyy g rface states because the energy-level structure of a Ga
may be due to the difference in the surface reconstructioyster is probably metallic. The wave function can penetrate
[they used ac(4Xx4) surfacg or the presence of a surface jy¢, the semiconductor and form a high density of surface
GaAs layer. The peak position of the NSQW with 1#&6) (5165 as for metal induced gap states of metal-semiconductor
surface was redshifted from that W|(E_><4), but the shift is junctions?82° Even if the energy-level structure is not metal-
only 1.5 meV ford of 7.5 nm, which is much smaller than jic 4 high density of half-filed dangling bonds causes sur-
that reported in Ref. 15. . face states, which can function as nonradiative recombina-
_ The excitation power dependences of_ the_ PL peqk inteNgon centers. For “pseudot4x6), the phase boundary of

sity of NSQW and Ref-QW's are shown in Fig. 5. With the giterently reconstructed domains does not satisfy an elec-
Ref-QW, the dependence is nearly linear. If the dependencgo counting rule, and it forms surface states. Independent
is fitted by a power law, the exponent is 1.08 for %4) ot the detailed atomic structure, the fact that the surface
surface and 1.09 for thé4x6) surface and, on the other guctyre is disordered is sufficient to explain the high den-
hand, 1.28 for2x4) and 1.43 for(4x6). sity of surface states because the disorder disturbs the surface

As mentioned before, thé4x6) surface is more disor- g structure, and discrete levels are formed in the band
dered than thg¢2x4) surface. One possible explanation for

the faster surface recombination wihx 6) is the disorder in IH conclusion, PL spectra were obtained for NSQW struc-
the surface structures. Two kinds of surface structure of the,es with clean’reconstructed surfaceg%4) and (4x6).
(4x6) reconstruction were observed by STM observationhe Juminescence from the NSQW is weaker With<6)
One is “genuine”(4X6) with periodically aligned Ga clus- than with(2x4). This result clearly indicates that the surface

ters along Ga-dimer vacancy rows. The other is “pseudo’rgcombination velocity is faster for the Ga-rich surface than
(4%6) which is a mixed phase of2x6) and (4x2) [or for the As-rich surfaces.

“genuine” (4x6)].° It is not clear which is ouf4x6), but

the recombination is expected to be faster i@k 6) in both We are indebted to Dr. Takahei for his helpful suggestions

cases. on the PL measurements and to Dr. Xue for his discussions
For “genuine” (4X6), the Ga clusters cause high density on the atomic structure d#x6) surfaces.

M. D. Pashley, K. W. Haberern, W. Friday, J. M. Woodall, and P.  Holmes, J. Sudijono, T. S. Jones, and B. A. Joyce, Surf.32§.

D. Kirchner, Phys. Rev. Let60, 2176(1988. 91 (1995.
’D. K. Biegelsen, R. D. Bringans, J. E. Northrup, and L. E. Swartz, "T. Hashizume, Q. K. Xue, J. Zhou, A. Ichimiya, and T. Sakurai,
Phys. Rev. B41, 5701(1990. Phys. Rev. Lett73, 2208(1994); T. Hashizume, Q. K. Xue, A.
3S. Ohkouchi and I. Tanaka, Appl. Phys. Lé88, 1588(1991). Ichimiya, and T. Sakurai, Phys. Rev.H, 4200(1995.

4V. Bressler-Hill, M. Wassermeier, K. Pond, R. Maboudian, G. A. 8H. Yamaguchi and Y. Horikoshi, Phys. Rev.5, 9836(1995.
D. Briggs, P. M. Petroff, and W. H. Weinberg, J. Vac. Sci. Tech- 9Q. Xue, T. Hashizume, J. M. Zhou, T. Sakata, T. Ohno, and T.

nol. B 10, 1881(1992. Sakurai, Phys. Rev. Let#Z4, 3177 (1995; Q. Xue, T. Hashi-
5S. L. Skala, J. S. Hubacek, J. R. Tucker, J. W. Lyding, S. T. Chou, zume, T. Sakata, T. Ohno, and T. Sakuraipublishegl
and K.-Y. Cheng, Phys. Rev. 838, 9138(1993. 103, P. LaFemina, Surf. Sci. Reft6, 133 (1992, and references

5A. R. Avery, D. M. Holmes, T. S. Jones, B. A. Joyce, and G. A. D.  therein.
Briggs, Phys. Rev. B50, 8098 (1994 A. R. Avery, D. M. ID. J. Chadi, J. Vac. Sci. Technol. 3 834 (1987).



53 RECONSTRUCTION-DEPENDENT ELECTRON-H@®.. . . 7883

12T Ohno, Phys. Rev. Letf0, 631(1993. Phys. Rev. B51, 4657(1995.

133 E. Northrup and S. Froyen, Phys. Rev. L&t, 2276 (1993; 21C. J. Sandroff, F. S. Turco-Sandroff, L. T. Florez, and J. P. Har-
Phys. Rev. B50, 2015(1994. bison, J. Appl. Phys70, 3632(1991).

14K Shiraishi, Thin Solid Filmgto be publishey 22\M. D. Pashley, K. W. Haberern, and J. M. Gaines, J. Vac. Sci.

153, M. Moison, K. Elcess, F. Houzay, J. Y. Marzin, J. M.r&e, F. Technol. BY, 938 (1991).

23H. Yamaguchi and Y. Horikoshi, Phys. Rev.3, 4565(1996.

Barthe, and M. Bensoussan, Phys. ReviB 12 945(1990. 24M. D. Pashley and K. W. Haberern, Phys. Rev. L6, 2697

167 Sobiesierski, D. I. Westwood, D. A. Woolf, T. Fukui, and H.

. (1991.
. Hasegawa, J. Vac. Sci. Technol.1, 1723(1993. 25H. Yamaguchi and Y. Horikoshi, Jpn. J. Appl. Phy8, L1423
Y. Chang, |. Tan, Y. Zhang, D. Bimberg, J. Merz, and E. Hu, J. (1994
Appl. Phys.74, 5144(1993. 26y, Horikoshi, A. Fischer, E. F. Schubert, and K. Ploog, Jpn. J.
'8Y. Chang, W. Widdra, S. I. Yi, J. Merz, W. H. Weinberg, and E.  Appl. Phys.26, 263 (1987.
Hu, J. Vac. Sci. Technol. B2, 2605(1994). 2’H. H. Farrell and C. J. Palmstm J. Vac. Sci. Technol. B, 903

%H. Hasegawa, S. Kodama, S. Koyanagi, and T. Hashizume, Jpn. J. (1990.

Appl. Phys. 34, L495 (1995; S. Kodama, S. Koyanagi, T. 28V, Heine, Phys. Rev138 A1689 (1965.

Hashizume, and H. Hasegawhid. 34, 1143(1995. 293. Tersoff, Phys. Rev. Letb2, 465(1984); Phys. Rev. B32, 6968
203, Dreybrodt, F. Daiminger, J. P. Reithmaier, and A. Forchel, (1985.



