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Low-temperature growth morphology of singular and vicinal Ge(001)

Joseph E. Van NostrarfdS. Jay Chey,and David G. Cabhill
Department of Materials Science and Engineering, and Materials Research Laboratory, University of lllinois, Urbana, lllinois 61801
(Received 9 December 1997

Scanning tunneling microscopy is used to study the nonequilibrium surface morphology of singular and
vicinal G001 grown by molecular-beam epitaxy. Growth on substrates wih1° miscut produces patterns
of nearly symmetrical growth mounds over a wide range of growth temperatureT €230 °C and film
thickness, 0.5:h<<1000 nm. The characteristic slope or aspect ratio of the growth mounds increases with film
thickness. Analysis of the onset of mound formation gives an estimate of the Ehrlich-Schwoebelllenigth;
approximately equal to the surface lattice constant and independent of temperature. This small Vgkle for
implies either a weak repulsive barrieAE;~kgT) at descending steps or a step-adatom attractiof, (
>kgT) at ascending steps. Buffer layers grownTat 365 °C on vicinal substratg9° miscut toward$110])
show (115 facets. Low-temperature growth on vicinal surfa¢é% and 9° miscuts al =155 and 230 °C
produces highly anisotropic growth ridges oriented along the miscut direction with larger roughness amplitude
and smaller in-plane length scales than mounds produced by the same growth conditions on singular substrates.
At 230 °C, the slopes of the growth ridges are stabilized by(1#&) surface[S0163-1828)10419-§

I. INTRODUCTION ness, and substrate miscut. In addition, we analyze the data
to extract an estimate of the so-called “Ehrlich-Schwoebel
The equilibrium morphology of most low-index crystal length” Igs (Ref. 10 and find thatl g5 is comparable to the
surfaces can be described as flat terraces separated byrface lattice constant. This small value fgg implies a
atomic-height steps; the average distance between stepssdmall asymmetry in adatom attachment kinetics ofi0B#®
given by the deviation of the surface orientation from thecaused by either a weak repulsive barrier at descending steps
low-index orientation, the “substrate miscut.” During crys- or a step-adatom attractitht> at ascending steps.
tal growth and thin-film deposition, however, kinetic phe-
nomena can drive the surface out of equilibrium and produce
high step densities and a rough surface morphology. Because Il. EXPERIMENTAL DETAILS
of general interest in nonequilibrium statistical physics and
the great technological relevance of this subject for control- G€&001) films are grown on G@O01) substrates by
ling film and interface morphology, the evolution of surface molecular-beam epitaxyMBE) using electron beam evapo-
morphology during low-temperature crystal growth has beeration. The etch pit density specified by the substrate manu-
the topic of a considerable research effort in condensed matacturer is 5<10° cm™2 The miscut of 9° vicinal substrates
ter and materials physics. was confirmed by x-ray diffraction. We clean the (G@1)
Most experiments and theory of low-temperature crystasubstrates using repeated ozone-assisted oxidation and re-
growth are concerned with the relatively simple case ofmoval of the oxide in watet! Samples are 1)61.5 cnf and
growth of elemental single crystals from so-called “molecu-are In bonded to a 3-in-diam Mo sample block. The final
lar beams:” a flux of atoms is deposited on a single crystaloxide layer is removed in the MBE growth chamber by an-
substrate; the adatoms diffuse on the surface and either diealing for 30 min at 450 °&! Following oxide desorption,
tach at existing steps or coalesce with other adatoms tthe surface gives a well-defined<2 diffraction pattern in
nucleate new terraces and steps. In recent years, it has beilection high-energy electron diffraction, but the surface
recognized that asymmetries in the attachment of adatoms atorphologies have a relatively large step density and signifi-
step edgé¥ can produce strong roughening during cant roughneséWe believe that this roughness is stabilized
growth?°~" This “diffusion bias” for adatom& destabilizes by residual carbon contamination since nanometer-scale
growth on singulaflow-miscub surfaces and drives the for- roughness on a clean ®@©1) surface would decay rapidly at
mation of patterns of “growth mounds.” Pattern formation T=450 °C%>%
during low-temperature crystal growth has been studied by To produce a smooth starting surface for the low-
analytical theory;>6°%computer simulatiod****and by temperature growth experiments, we deposit a 100-nm-thick
experiment for a large number of systems: (@i),}*  Ge buffer layer at 365 °C. During Ge deposition, the cham-
GaAg001),>% Ge001),” Fe001),'® Rh(111),'7 Si(001,'®  ber pressure rises 103210 ° Torr. The dominant compo-
Ag(111),*° and TiN001).2° nents of the background gas are typically 240 ° Torr
We have previously published our initial experiments onH,, 1.4x10 ° Torr CO+N,, and 2.5<10 % Torr H,0.
the growth of Gé001) at low temperatures in a journal For singular surfaces, scanning tunneling microso@Hm)
article’ and conference proceedints> In this report, we of the buffer layers reveals large terracesl00 nm wide,
present our complete set of data for the morphology ofeflecting the small miscut of the wafers,0.1°.” STM im-
Ge(00]) using a wide range growth temperature, film thick- ages of 9° vicinal substrates shqwl5) facets, see discus-
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sion below. After turning off the substrate heater, theorientations, see Fig.(8), show that the most probable slope
samples cool at-2 °C sec?. increases and that the distribution of slopes becomes nar-

Growth temperatures dt> 150 °C are measured using an rower as growth proceeds. Since we have found that the most
infrared pyrometef4.8—5.2um), which has been calibrated probable surface orientation is approximately equal to
using thermocouples bonded to a Ge test sample. The emi6A/d)(360°), we summarize this simple measure of the as-
sivity used in the calibratior~0.45 is in good agreement pect ratio of the mounds in Fig(l3.
with the emissivity expected for Ge made opaque in the in- The evolution ofd and A described by Figs. 2 and 3 is
frared by free carrier absorption=1—(n—1)%/(n+1)?, n more complex than what is typically observed in low-
=4, multiplied by the transmission coefficient of the sap-temperature growth experiments and computational models,
phire viewport ath~5 um, ~0.70. We determined growth or derived by analytical theory. In most studies of growth
temperatures of =60 and 100 °C using a calibration of sub- mound evolution, botli andA increase at the same raté:
strate heater power. «h" and Axh”, with a constanh~ g in the range 1/&n

A separately pumped, ultrahigh vacuuidHV) transfer ~ <1/3. The microscopic origin of this slope selection is
tube connects the MBE chamber to a UHV scanning tunnelsomewhat controversial and is probably specific to the sys-
ing microscope. All STM images described below are ob-tem under study: the formation of high index surface facets
tained at room temperature at negative sample bias2¥ appears to be the dominate mechanism fof000);%* en-
and a tunneling current of 100 pA. Selected samples are hanced downward diffusion near descending steps, so-called
imaged by atomic force microscopy using commercially sup-‘downward funneling,” is thought to stabilize slopes on
plied, “oxide-sharpened” probe tips. Fe(001);**° and thermal smoothing driven by step energet-

ics or capillarit?>?® can also provide the downward diffu-
sion currents needed to create slope selection.
Ill. RESULTS AND DISCUSSION

A. Low-temperature growth on singular substrates B. The Ehrlich-Schwoebel length

Figure 1 shows examples of surface morphologies created & now analyze the growth mound evolution described

by low-temperature growth on singular surfaces. In this case?y the data in Figs. 1-3 to extract a rough estimate of the
T=175 °C. For small film thicknesh, see Fig. 1a), we strength of the asymmetries in adatom attachment at step

observe “multilayer growth”: approximately four layers of €dges, and therefore gain a more microscopic perspective on
the crystal are exposed as small afé@1) terraces and is- the.grovvth |nstablllty. qultl and Villaitf propose the fol-
lands but large-scale structures are not readily apparent. WitQWing equation to describe the surface diffusion current:
increasingh, patterns of growth mounds appear, see Fig. Fledm 72m
1(b), and the pattern of growth mounds become increasingly j= ES¢C +K—. (1)

well organized, see Fig.(d). 2(1+|mllgg(1+[mllc) ~ ax

_ We characterize these morphologies by two length scalesihg first term in Eq.(1) describes an interpolation of the
() the in-plane length scalé measured by the first peak in gyected diffusion bias current for small and large values of
the height-height correlation functith(hih;), and (i) the o step densityn; F is the growth flux, and, is a critical
amplitude of the roughnegs measured by the height differ- ength for the formation of new terracefin the limit of
ence correlation  function evalgated alz; ie., weak Ehrlich-Schwoebel barrierk, is approximately equal
=G74(d/2) whereG(p)=((hj—h;)%). (In many studies of 14 the island separation during submonolayer deposition on
surface roughness, the feature size is measured by the PORlige terracé) Futhermore, for a + 1 dimensional model

tion r of the first zero in the height-height correlation func- including repulsive barriers at descending stépshe
tion (h;h;), and the roughness is measured by the surfacgpjich-Schwoebel lengthes is given by

width W= (h?)*2. We prefer our measurements dfand A

because we find that andA are less sensitive to experimen- D

tal artifacts tharr, andW. In most cases, however, the dif- lES:b(F_ 1)- ()
ferent methods of analysis are essentially equivaleht:

~2r., andA=~v2W.) whereD is the diffusion constant for adatonid, /b? is the

Figure 2 summarizes the two length scalksindA, as a  hopping rate for an adatom crossing a descending stefh and
function of film thicknessh for five growth temperatures. is the surface lattice constant.
Both d andA increase monotonically with increasihg—the The second term in Eq1) stabilizes the surface against
lateral length scales coarsen and the films roughen—but tHeeight fluctuations of short wavelengthWhile the origin of
rates of coarsening and roughening are not equalTAt K is usually attributed to thermal smoothif2® Politi and
>150 °C, the coarsening of the lateral length sahie ini-  Villain propose thaK can also originate with the stochastic
tially rapid and then becomes almost independenh dbr  formation of new terraces. In this case, dimensional analysis
largeh. The roughening rate, on the other hand, approachegivesK ~F|2.1°
a linear dependence dm Axh for large h.?® Clearly, at We evaluate the importance of thermal smoothing by
large h, A increases much more rapidly thah indicating  comparing the increase in roughness amplitude during low-
that the slopes of the sides of the growth mounds are ndemperature growth and the decay of roughness during ther-
stable. mal annealing. In Fig. 4, data for the roughening dwédh

The absence of a stable slope to the sides of the growthre plotted with the thermal smoothing rate previously mea-
mounds is emphasized in Fig. 3. Histograms of local surfacsured for nanometer-scale morphologies ori0B#):2%?%the
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FIG. 1. Surface morphology of G&01) growth at 175 °C by molecular-beam epita@®BE); STM images of(a) multilayer growth at
film thicknessh=10 nm; (b) growth mound formation a =200 nm. The scan area of both images i70 nn?, and the images have
been high-pass filtered to increase contrast to step edgés, ka4 ML of the crystal are exposed; {b), the peak-to-peak change in height
is ~16 ML. (c) Atomic force microscopy imagé\FM) of growth mounds ah= 1000 nm. The area of the image is 30800 nnf and the
black-to-white range corresponds to a height chahge 15 nm.

decay of roughness amplitude is described by a power law afrowth mounds. While thermal smoothing may influence
the formA(t) = Ag(1+1t/7)Y wheret is the annealing time, mound evolution for growth af =230 °C, we conclude that
Ao is the roughness amplitude &t 0, and 7 is a thermally  thermal smoothing is negligible over most of the temperature
activated time constant; 7= 7, exp(1.7 eVkgT), 7, range of our experiments.

=C(d/2m)*(Ay/a)?, and C=2x10 ®secnm?® The If K~FIZ? in the absence of thermal smoothing, then
dashed line in Fig. 4 shows the fractional smoothjig mounds appear after a tin&:1°

—A(t)/Ag)] for a 10-sec anneal of patterns of etch fits

=65 nm, A;=0.5 nm produced by low-energy ion sputter- 1 (1.2

ing; i.e., the dashed line shows an estimate of the smoothing i (_‘3) . 3

rate for morphologies with values df and A similar to the Fb® \les
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FIG. 2. (8 The characteristic in-plane length scaleof the | | | |
surface morphology plotted as a function of film thickness and : — —
growth temperatured is measured by the position of the first peak 1 - th'18 JOO 1000
of the height-height correlation functici;h;). Solid lines connect iim thickness, h (nm)

data points 1;or the same growth temp_erattabe.Roughness ampli- FIG. 3. (a) Histogram of local surface orientatiodsor Ge(001)

tude, A=G*4(p), p=d/2, as a function of film thickness and g grown at 175 °C on singular substrates. The local surface

growth temperature. orientation is measured inx44 nn? areas centered on each pixel of
the STM data forh=10 andh=200 nm and AFM data foh

Our “quench-and-look” microscopy experiments do not =1000 nm.(b) Aspect ratio of the roughnes&(d) multiplied by

contain sufficiently small intervals in film thickness to di- 360°; this quantity is approximately equal to the peak of the surface
rectly identify the onset of mound formation. But we can orientation histograms shown {@).
accurately characterize initial values d&/dh, and since
1/(dA/dh) gives the number of deposited monolayersmonolayers needed to form growth mounds scalesAdsh,
needed to create the first additional monolayer of roughnes¥e scale the film thickness bylfvdh)(1/a); a is the mono-
amplitude, we estimate® using dA/dh)Fb2t* =1. layer step heightat=0.14 nm. Data for additional growth
To findl g5, we must first determink, : island densities
at a coverage of-0.3 ML were measured at=100, 155, Temperature (°C)
and 230 °C. Data fol,=n"? are summarized in Fig. 5. We 500 2?0 . 1?0 .
estimate |, at T=60 °C by extrapolating the 1G0T '
<155°C data to lower temperatures usind, \
=(20b%D/F)Y6 (Ref. 31) with a single free parameter, the i \\ /'_é_' 1
activation energy for adatom diffusiork,,=0.65 eV. A -
comparison to scaled data for(@01),%? see Fig. 5, shows < 51
that this extrapolation is reasonable. P \
Figure 5 also includes data fbrg calculated using Eq3) © \ /
and our estimate of*: |gs=(dA/dh)Y4.. The Ehrlich- i 1
Schwoebel lengthgg derived in this way is essentially inde- 107 \ 7
pendent of temperature and comparable to the surface lattice -
constantb=0.4 nm. If the origin oflgg is attributed to a [ | |
repulsive barrier at descending steps, see (Bg.then the 1.5 2.0 2.5 3.0
size of the barrier must be comparable to the thermal energy 1000/T
at the groyvth temperature. A fit to EP) givesAE,=0.024 FIG. 4. Roughening ratd A/dh as a function of MBE growth
ev, Se.‘? Fig. 5'. . 10 . temperature;dA/dh is calculated by taking finite differences
Politi and Villain® suggest that the distance betweenyqn— xa/ah for fims with A~0.3 nm but derivatives of ana-
growth mounds should scale ds-1c/les. This proposal is ysical fits produce essentially the same results. The dashed line
tested in Fig. 6, where we plat scaled by (13)(dA/dh).

3 . . shows the fractional smoothing of nanometer-scale surface rough-
Since @A/dh)~(lgs/l.)?, and lgg~b, our scaling is

ness(A,=0.5 nm,d=65 nm, annealing time 10 seas a function
equivalent todIEsllg. Furthermore, since the number of of annealing temperature, see Ref. 25.
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FIG. 5. Diffusion lengthl, and Ehrlich-Schwoebel lengtlg

plotted as a function of MBE growth temperature. Filled circles:
|c:n1/2

temperatures using |.=(200%D/F)%S, where D
= (b%v/2)exp(Eq/ksT), En,=0.65 eV, b=0.4 nm, andv is the
Debye fregency of Ge,hv=kg(375 K). Open circles:|gg
=(dA/dh)¥3.; data for @A/dh) are plotted in Fig. 4. The
dashed-dot line showkcg calculated using Eq(2) with D/D’
=exp(AEy/kgT) and AE4=0.024 eV. Filled triangles: I
=n2for Si(001) from Ref. 32; to facilitate this comparisoh, data
for Si(001) have been scaled by a factor of 426 to adjust for

different growth fluxes used in the Ge and Si experiments; and th
temperature of the 801 measurements has been scaled by the

ratio of the cohesive energies of Ge and Si, 0.83.

temperatures would clearly be desirable, but we believe th ‘

“data collapse” shown in Fig. 6 supports theoretical
model® built on Eq.(1): at long times, the in-plane length
scale of the growth mounds d;wlﬁ/lES.

C. Buffer layer growth on vicinal substrates

The production of flat buffer layers on vicinal substrates
is not as straightforward as for singular surfaces: on 9° mis
cut substrates, buffer layers show faceting and the area of tt

facets increases with film thickneks see Fig. 7. To measure

the orientation of the facets, we calculate two-dimensiona |

histograms of local surface orientatiofgata not shown
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FIG. 6. Scaling of the data for the in-plane length saleaw
data ford are plotted in Fig. @); b is the surface lattice constant,
b=0.40 nm, andh is the monolayer step heigle=0.14 nm. Data
for the roughening ratd A/dh are plotted in Fig. 4.

wheren is the island density for submonolayer deposition /
on large terraces. The dashed line shows an extrapolation to lowe §

FIG. 7. STM images of buffer layers grown on @81) miscut
by 9° toward[011]. The growth temperature is 365 °Ca) h
=100 nm; (b) h=300 nm. The area of both images is 270
X 270 nnt and the images have been high-pass filtered to increase
contrast to step edges and facets. The orientations of the faceted
regions correspond t@ 15 surfaces.

these histograms show a peak at 7.5° away from the average
surface normal in the direction of the miscut. Thus, the ab-
solute orientation of the facets is 9%7.5°=16.5°, and
within experimental uncertainties of the expected orientation
of a (115 surface, 15.8°. Small area STM images of the
facets show a surface reconstruction that is consistent with
the 1.2 nm periodicity and orientation of the geometry pro-
posed by Rank® for Si(115.3* In the growth experiments
described belowh=100 nm buffer layers were used to
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minimize the influences of thé€l15 facets on the low-
temperature growth morphology.

D. Low-temperature growth on vicinal substrates

Four combinations of growth parameters were investi-
gated using vicinal substratds= 100 nm films grown afl
=155 °C anch=1 um films grown afT =230 °C on 6° and
9° miscuts.[The values of the miscuts were chosen to be
large compared to the mound slopes on singular surfaces
these temperatures, see Figb)3] In all cases, the surface
morphology shows “growth ridges” oriented along the mis-
cut direction; an example of this morphology is given in Fig.
8(a). At T=230 °C, the sidewalls of the ridges are faceted.
As before, we use histograms of local surface orientation tc
determine the orientation of the sidewall facets; the histo.
gram for the surface shown in Fig(a® peaks at 7°. Since the
sidewall facets are oriented perpendicular to the miscut di
rection, the absolute orientation of the sidewalls is? (7
+62)12=9.2° away from(001) and within~2° of the ex-
pected orientation of th€l05) surface. Small area STM im-
ages of the sidewalls reveal reconstructed terraces and ste|
see Fig. &).

Because of the strong anisotropy of these surface mor &
phologies, we calculate height difference correlation func- 5 ' &
tions for directions parallel and perpendicular to the growth 3
ridges. The results for all four films are given in Fig. 9. As |
expected based on qualitative inspections of the images, . & .
small length scalep, the roughness is much smaller parallel ;\ VL
to the growth ridges than perpendicular. ValuesfAodndd L
for the growth ridges are extracted from the correlation func-
tions for the direction perpendicular to the growth ridges anc
are summarized as data points in Anversusd ‘“phase-
space,” see Fig. 10, with comparison to results for singulal
substrates. Increasing the miscut from 0° to 9° reducbky
a factor of~3 and increase8. The aspect ratio for growth
at T=230 °C appears to limited by the formation @05
sidewall facets; growth at =155 °C does not show this
limiting behavior and we conclude th&t05 facets cannot
stabilize the ridge morphology a=155 °C.

Our results for vicinal G@01) are in agreement with pre-
vious work on Si001),'8 but not GaA$001): for GaAg001)
growth at 600 °C, a miscut of 2° completely suppressed th
formation of large-scale surface roughngd®ecent theory
and computer simulatiSrhave shown that ridge formation
on vicinal surfaces is initiated by the step fingering instabil- FIG. 8. STM images of faceted growth ridges grown at 230 °C
ity studied by Bales and Zangwﬁf, and that the growth on Ge001) miscut by 6° toward011]. The film thickness is 1000
ridges eventually evolve into symmetrical growth mounds.nm: (a) scan area 540540 nnf; (b) image of a sidewall showing a
Since we have not studied growth on vicinal substrates as ${epped105 surface. The scan area @) is 45x 45 nnf.
function of film thickness, we do not yet know if the pre-

dicted transition from ridges to mounds can be observed exg ridge morphology with greater surface roughness and
perimentally on Ge01). smaller in-plane length scales. At a growth temperature of
230 °C, (105 facets stabilize the slopes of the sidewalls of
the growth ridges.

Measurements of the diffusion distance for adatdms

Growth mounds produced by low-temperature growth oncombined with data for the onset of mound formation on
singular G€001) do not show a stable slope, implying that singular surfaces, allow us to estimate the Ehrlich-
Ge(001) lacks a mechanism for the downward diffusion cur- Schwoebel lengthgg; and therefore estimate the strength of
rents that are thought to produce the slope selection that hasymmetries in the kinetics for adatom attachment at step
been oberved in many theoretical models and other experidges. Sincéggis comparable to the surface lattice constant
mental systems. Growth on highly vicinal surfaces produced®, these asymmetries are weak. If the asymmetry is inter-

IV. CONCLUSIONS
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o (nm) attractive interaction at ascending stehs; is equal to the

range over which the distortion in the potential energy land-
FIG. 9. Height difference correlation functions measured perSCapeAE, is greater tharkgT; for a short-range interaction,
pendicular (open symbols and parallel (filled symbol$ to the lgg~b independent of temperature. Simulations by Amar
growth ridges produced by low-temperature MBE on vicinaland Family? support this proposal: in their model, the
Ge(001). Data for growth on 6° and 9° miscut substrates are showrroughening behavior is independent of the strength of the
as circles and triangles, respectivel@) Growth temperaturel  attraction for AE,>kgT. Therefore, while only a narrow
=230 °C;(b) T=155 °C. range of repulsive barriers WitAEy~kgT are consistent

) . ) . with our experimental results, the data can be more easily
preted. in terms of a repulsive _barner at descending step xplained by a wide range of attractive interactiohi,
then diffusion across a descending step is suppressed by o keT.

a factor of~2 relative to diffusion on a terrace.

While we cannot rule out the presence of a weak barrier
AE4~kgT at descending steps, we believe that step-adatom
attraction®?*at ascending steps provides a more satisfactory This work was supported by the U.S. Department of En-
explanation for our fundamental observatiga~b. Based ergy Grant No. DEFG02-96-ER45439 through the Univer-
on the discussion of Refs. 10 and 4, we propose that for asity of lllinois Materials Research Laboratory.
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