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Chemically resolved scanning tunneling microscopy imaging
of Al on p-type Al 5 1Gag gAs(001)-c(2X8)/(2X4)
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The ability to chemically differentiate individual subsurface Al and Ga atoms, when imaging the
Al 1Gay AS(001)-c(2X 8)/(2x 4) surface with scanning tunneling microscof§TM), has been
observed for the first time. In filled-state STM images first layer As atoms bonded to second layer
Al atoms appear brighter than those bonded to second layer Ga atoms. This effect is only observed
experimentally with p-type AlyGa /As grown on p-type GaAs substrates and has been
computationally modeled with density functional thedBFT) calculations. It is hypothesized that
chemical specificity is not observed ortype material because the extra surface charge given to first
layer As atoms by second layer Al atoms adds negligibly to the filled-state density of the surface,
thus preventing the visualization of chemical specificity with filled-state STM imaging. The ability
to distinguish whether first layer As atoms are bonded to second layer Ga and/or Al atoms in STM
images shows that small differences in bond ionicity affect the local electronic structure of the
material. ©2005 American Institute of PhysidDOI: 10.1063/1.1846051

I. INTRODUCTION II. EXPERIMENTAL TECHNIQUE

Development of a GaAs-based metal-oxide-  Experiments were performed using an ultrahigh vacuum
semiconductor field effect tranS|stc6MO_SFET) has been (UHV) chamber equipped with low energy electron diffrac-
sought after for more than four decade¥ A GaAs-based tion (LEED), Auger electron spectroscoES), mass spec-
MOSFET potentially offers better power added efficiencytrometry, and a Park Scientific STM. Ap- and n-type
than current GaAs hete_rojunction bipolar transist¢iBTs) Al ,Gay As(001) and GaAs(001) samples were grown by
and greater power density than current GaAs psuedomorphigolecular beam epitaxy(MBE) and doped with 2
high electron mobility transistof®HEMPT). Immediately, a  x 108 cm3 Zn and 2x 10'® cmi3 Si, respectively. A 60 nm
GaAs-based MOSFET could be used to reduce power comss-cap was deposited on each surface to prevent contamina-
sumption in base stations until GaN technology can be fulltion when transferring the samples in atmospheric pressure
realized. from the MBE chamber to the experimental STM chamber.

Commercially available AlGaAs/GaAs interfaces can beOnce transferred to the STM chamber, the C|e"§(ﬂ
found in several different devicéd;*® and numerous Cross- x 8)/(2x 4) surfaces are obtained by thermally desorbing
sectional studies have been performed to characterize thRe protective As-cap. This procedure has been optimized
interface.” " Although the cross section of AlGaAs has and has been proven to be a successful technique for acquir-
been rigorously studied with scanning tunneling microscopying clean GaA&01)-c(2x8)/(2x4) surfaces " The
(STM), the (001) surface has vyet to be fully | EED pattern of the decapped samples were sharp; consis-

characterized”?*** As new innovative devices are fabri- tent with the well-ordered(2 x 8)/(2 x 4) surfaces observed
cated, an understanding of the AIG4881) surface will be-  with STM.

come imperative for optimal device performance.

In this paper, we will show the first atomically, and even ||| ExPERIMENTAL RESULTS
more important, chemically resolved images of the
Al :Ga, AS(001)-c(2x 8)/(2x 4) surface. Through filled- Figures 1a) and Xb) show filled-state STM images of
state STM imaging, it is found that second layer Al atomsP-type Alp1Ga As(001)-c(2x8)/(2x 4) and GaA§001)-
cause adjacent first layer As atoms to image 0.1-0.4 A highe®(2< 8)/(2X 4) surfaces, respectively. From these large-
than As atoms bonded to second layer Ga atoms. The abilit§cale images the two surfaces appear indistinguishable.
to determine the atomic location of second layer Al atoms byBoth images show bright As dimer pair rows separated by
visualizing slight changes in bond ionicity was only found ondark troughs that run in thgl10] direction. The troughs
p-type material. It is hypothesized that chemical specificity iscontain third layer As dimers whichdi2 A below the As
not observed imn-type material because the extra surfacedimer pairs rows. Each large-scale image shows three
charge donated from second layer Al atoms add negligibly tseparate terraces which &2 A step heights. When scan-
the n-type character of the filled-state density of the surfacening, a constant current tunneling mode was utilized to
As atoms. allow the tip to adjust to the contours of the surface. By
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Al,,Ga, ;As(001) GaAs(001)

FIG. 1. 650x650 A filled-state(V=-3 V, 1;=0.2 nA) STM images of
cleanp-type (a) Aly;Gay As(001)-c(2X 8)/(2x 4) and (b) GaAg00D)-c(2
X 8)/(2X 4). At this scan size, the two surfaces are indistinguishable.

having an active feedback loop, the tip is able avoiding

crashing into both the troughs and steps. Both images in

Fig. 1 were taken with an applied bias of -3V and a

tunneling current of 0.2 nA. Empty-stai@ositive biag

imaging was attempted on the AGa As(00D)-c(2 4 _ _ .

X8)/(2x4) surface, but Simiar 10 GAASOOD-2 oo Sy MRISSVT8 Y, IT0ZNA of regons of pove

X 8)/(2X 4),26 only poor resolution was obtained. their corresponding ball-and-stick diagrams and line scans. Center Al atoms
A high resolution scan of each surface is pictured in Fig.are labeled “C” and trough Al atoms are labeled “T.” Raitshows a center

2. The high resolution scans show a clear difference betweeff!d rough Al atom bonded to the same surface As atom. (Bashows a

center Al atom. Partc) shows trough Al atoms.

the Aly1Ga As(00D)-c(2x8)/(2xX4) and GaA$001)-c(2

X 8)/(2% 4) surfaces. As seen in Fig(&, some of the As

atoms on the As dimer row of the cleanAGa, /As(001)-  atoms being more electron rich than th#\ss, atoms. The

c(2x 8)/(2x 4) surface appear brighter than others. This isobserved result in STM is a 0.1-0.4 A measured height in-

in contrast to the image of the clean G#@@l)-c(2  Crease in,Asg, atoms and,As, atoms compared tg.Asg,

X 8)/(2% 4) surface seen in Fig.(8), where the As dimer atoms. The observed height increase depends on the position

row has a uniform brightness. The atomic position of eactRnd number of the second layer Al atoms as well as the tip

atom in Fig. Za) was determined by detailed line scan analy-morphology.

sis, and is shown in a ball-and-stick diagram in Fi¢p)2 Figure 3 shows three different second layer Al bonding
The enhanced brightness of some of the As atoms on th@OnfigurationS and their Corresponding line scans. The im-

Al o1Gay /AS(001)-c(2 X 8)/(2 X 4) surface, Figs. @)-3(c), aged sites are all taken from the same large-scale STM image

indicates a higher filled-state electron density in these atom§ order to maintain constant tip morphology and achieve an

than the “typical” surface As atom bonded to two secondaccurate comparison between each site. The largest measured

layer Ga atoms Asg,). The enhanced brightness is due to height increase results fromAsy, sites, as in Fig. @). The

second layer Al atoms donating more charge to first layer A@bserved height increase for theAs,, site is 0.32 A, as

atoms than second layer Ga atofns., greater bond ionic- measured from line scan “ii.” The second As atom bonded to

ity). The Al atom is less electronegative and has lower ion2 single Al atom(gAs,) in Fig. 3(a) only shows an ob-

ization energy than Ga which results in thés, and,Asg, served height increase of 0.11 A, as measured from line scan
“i.” The excess charge donated by the center Al atom, la-

beled “C,” is divided between two surface As atoms, whereas
the trough Al atom, labeled “T,” donates its excess charge to
only one surface As atom. Therefore, the As atom bonded to
two different second layer Al atoms appears nearly three
times higher than the As atom next to it bonded to a single

b §° second layer center Al atom.
e Figure 3b) shows another example of a second layer
OAl eGa OAs center Al atom, also labeled “C.” Unlike the center Al atom
seen in Fig. 8a), Fig. 3b) shows the effect of an isolated
ol center Al atom. Line scans “i” and “ii” taken along the As
0] dimer row in Fig. 3b), show that the center Al atom donates

its charge symmetrically to the two surface As atoms that it
is bonded with. The measured height increase for both As
FIG. 2. High resolution images op-type (a) Aly,Ga, As(001)-c(2 atoms in line scans “i” and “ii” is 0.11 A, the same as line
X 8)/(2x4) and (c) GaAq00D-c(2x8)/(2x4) surfaces. Both images scan “i” in Fig. Ja).

contain a line scan whlch shows that second Iayer Al atoms inducing a Figure 3c) shows two separate sites in which an As
greater electron density on surface As atoms causing them to image 0.1-0.2 ;
A above As atoms bonded to second layer Ga atoms. The correspondirfdlOM is bonded to one center Ga atom and one Al atom

ball-and-stick diagram for par®) is seen in(b). occupying the trough site. Line scan “i” from Fig.c3 shows
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b increases in the vicinity of =1.5 eV as the second layer Al is
added. When the surface filled-state DOS is probed with
STM the increase in the DOS originating frogfAsg, [posi-
tions (1) and (2)] and 5 /Al ,, atoms[position (1 and 23] is
able to be visualized fop-type material.

[c],, PDOS of an As atom in site “a” with varying Al An increase in the filled-state DQS associated with
p— aAS,y and ,Asg, atoms near —1.5 eV is seen for all other
’-_;T 1 Site 2 calculated structures. Other calculated structures include Al
Cos —+—Site 1,2 atoms occupying positiofl and 3, (1 and 4, (1 and 5, and
5 =———Ciedn (2 and 5, where the positions of the Al atoms are again
=08 referenced to Fig. @). It should also be noted that the Al
80.4 atom in position 2 had the smallest affect on the DOS of the
B As atoms bonded directly to the Al atom because the effect is

divided between two As atoms, and the greatest increase in
X 00 1 2 = 4 the DOS of an As atom came when two Al atoms were
Energy (eV) bonded to if position (1 and 2].

The calculated DOS associated with each surface As
FIG. 4. Part(a@ shows a top down cut-away view of tk2Xx 4) slab with the atom were integrated over -3 eV to 0 eV, the region probed
possible location of second layer Al atoms labeled 1-6, and first layer A€xperimentally with STM. The integrated DOS is used only
a;oms 'tibelpeg ggd-fpa(mz Sh(t?WS a Side_t\_lievy‘ gffthe 8 |a|y9f Slﬁllbb Palzjt _thas a qualitative measure because the exact work function
e e 5 o 3 e sy "0ffset between the tip and sample are unknown due {0 an
the As atom and second layer Al is defined(@. ever changing tip chemical makeup and morphofigywas
found that the calculated DOS from each As atom were in
?xcellent qualitative agreement with our experimental find-

that the Al atoms have no affect on the observed height o Th test DOS found t ¢ tace A
neighboring As atomg§As atoms bonded to the same centerN9s: 1N€ greates was found o come from a surface As
atom bonded to two second layer Al atoms, followed by an

Ga atom. However, a measured height increase of 0.16 A is . .

observed for both As atoms bonded directly to the trough AVAS atom bonded .to a second layer tri-coordinated Al atom,

atoms as seen in line scan “ii” in Fig(Q. apd the smallest increase was from an As atom bonded to a
Although excess charge on the surface induced by se(,s—Ingle tetrahedrally bonded Al atom.

ond layer Al atoms is readily observed imp-type

Al 1Gay As(001)-c(2x 8)/(2X4) STM images, the effect v pISCUSSION AND CONCLUSION

is not observed witm-type Aly1Ga) As(001)-c(2X 8)/(2

X 4). It is hypothesized that the excess surface charge do- In summary, we have shown that second layer Al atoms

nated from second layer Al atoms is overshadowed by thélonate more charge to first layer As atoms than second layer

already electron rich-type character of the bulk, which pre- Ga atoms. The extent of charge donation varies, depending

vents the visualization of the small effect of extra chargeupon the number and coordination of second layer Al at-

o

4 3 2

transfer by Al in filled-state STM imaging. om(s) bonded to first layer As atoms. The extra charge on the
surface As atoms bonded to Al results in an experimentally
V. COMPUTATIONAL RESULTS observed increase in the surface height when measured with

STM. This result can be explained by the lower electronega-

We have performed density functional thedBFT) cal- tivity and ionization energy of Al compared to Ga. By taking
culations to confirm our experimental findings. The calcula-detailed line scans along experimental STM images, it is
tions were performed with the Vienna&b-Initio Simulation  possible to chemically resolve the exact atomic position of
Package VASP) (Refs. 27-3D using the generalized gradi- second layer Al atoms orp-doped A} Ga ¢As(00D)-
ent approximation(GGA, PW91, and ultrasoft Vanderbilt c(2x8)/(2x4). It is hypothesized that the extra surface
pseudopotential¢éas supplied with the VASP prograri®  charge on surface As atoms bonded to second layer Al atoms
A 4X2X1 Monkhorst—Pack k-point mesh generation adds negligibly to the filled-state density of surface As atoms
scheme(for a total of 2 irreduciblek-pointg and a plane- on n-type material, preventing the visualization of chemical
wave kinetic energy cut-off of 500 eV was used. A singlespecificity.
(2% 4) reconstructed unit cell was used, consisting of eight ~ Our experimental results were confirmed through DFT
atomic layers with a(001) orientation, and bottom termi- calculations which showed excellent qualitative agreement
nated with hydrogen. The top-down view of the first layer asbetween the increased height observed experimentally in
well as a side view of the entire slab can be seen in Figg. 4 STM images and the calculated magnitude of the DOS per
and 4b), respectively. As atom. Both experimental height and calculated DOS of

Figure 4c) shows the partial density of staté8DOS  individual As atoms varied in the same manner depending on
associated with an As atom in position “a” without secondthe number and coordination of second layer Al atoms.
layer Al, and with Al atoms in positionél), (1 and 3, and The enhanced surface charge, emanating from As atoms
(2), where all positions are defined in pdd). From this  bonded to second layer Al atoms, allows the visualization of
graph it is easy to see that the PDOS of the surface As atottine difference in bond ionicity between Al bonded to As and
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