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We report on a study of the epitaxial phase diagram of Co- and Mn-dopé&DBenagnetic semiconduc-
tors. Complementary doping using dopants from different groups of elements can compensate for the effects of
lattice strain caused by the doping species. Reducing lattice mismatch with the Ge host has been shown to be
the key to stabilizing epitaxial growth and suppressing phase separation at higher doping levels. Applying this
approach to other multidopant systems opens new prospects for tailoring highly doped electronic materials.
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One of the keys to the science and application of spintronco, Mn,,Ge, _,, in which the total doping concentration
ics is our ability to control the electronic and magnetic prop-was varied with the relative concentratiaib being kept
erties of semiconductors by doping them with magnetic imconstant. Electron beam hearths were used for evaporating
purities during epitaxial growth? The most desirable Ge and Co, and an effusion cell was used for Mn at a base
spintronic materials are semiconductors with room temperapressure of 10! torr. Gg001) substrates were treated
ture ferromagnetism, and compatible with Si-based processn situ through annealing-deposition cycles in order to pro-
ing. Despite tremendous efforts in the field, particularly induce atomically smooth surfaces for the study. The structural
Mn-doped material3? no systems have come close to satis-evolution and composition across the sample were examined
fying all of these conditions. The problem is that dopingusing real-time scanning reflection high-energy electron dif-
beyond several percent tends to induce too much epitaxidtaction (RHEED) imaging, andex situ using microbeam
strain and to promote phase separation, thus making epitaxiél—50 um) x-ray diffraction (XRD) and x-ray fluorescence
growth unstable. The challenge, therefore, is how to stabilizépectroscopy(XFS) with 10-keV incident x rays at XOR
relatively high levels of transition metal dopants required forboeamlines(2-BM, 7-ID-C, and 2-ID-B of the Advanced
achieving high temperature ferromagnetism without destroyPhoton Source. Complementary experiments usmgitu
ing the semiconductor. Complementary doping with severagcanning probe microscog$PM) and cross-sectional high-
impurities has long been used to fine tune the electroni¢esolution transmission electron microscdpiRTEM) were
properties of semiconductors by adjusting the Fermi leveRlso carried out.
with respect to the impurity levefsHowever, its effects on At a temperature of 250°C and a flux f0.1 A/s, the
structure and phase separation in highly doped materials sygrowth of lightly doped GE01) is layer by layer, similar to
thesized from different groups of elements have not beethat for pure GO0 exhibiting two-dimensional(2D)
examined systematically. Here we show that by using twdRHEED patterns with X1 surface reconstructions, as
transition metal dopants the strain effect in a group-lV ele-shown in Fig. 1a), and RHEED oscillations. This persists up
ment caused by the different species can be compensated ftw,a doping concentratiox, above which a roughening tran-
thus stabilizing epitaxial growth and suppressing phase sepaition occurs. Within a narrow range around the transition,
ration at higher doping levels. This is demonstrated in a Geand with vanishing 2D RHEED intensity and increasing peak
based system doped with two commonly used transitionwidth, 3D-like features appedFig. 1(b)]. At largerx, the
metal elements, Co and Mn, where coherent epitaxial growtiRHEED patterns turn completely 3D, exhibiting modulated
is stable within a narrow band of relative doping concentrastreaks and suppressed reconstruction patterns, as shown Fig.
tions. Applying this approach to other multidopant systemsl(c), and, as< increases further, the growth becomes increas-
opens new prospects for tailoring highly doped electronidngly disordered. Growth at temperatures below 200 °C and
materials. above 350 °C is generally disordered.

The synthesis was carried out using advanced combinato- The presence of a composition-dependent roughening
rial molecular beam epitaxy techniques, in which the dopingransition has been confirmed by XRD, SPM, and HRTEM
profile across each substrate can be tailored so that propertiggasurements. These results also show that the films in the
can be examined as a continuous function of thicknes&D regime are pseudomorphic, and that the roughening tran-
and composition during epitaxial growtilThis was accom- sition is accompanied by lattice relaxation and phase separa-
plished by a combination of precision masks and sampléion. As shown in Fig. d), the x-ray scattering intensity in
manipulation, and real-time flux control using atomicthe 2D regime(black ling exhibits rapid oscillations that
absorption spectroscopy. Sequential doping of Co and Miarise from the interference of the x-ray amplitudes scattered
was employed at intervalsf @ A of Ge, the ‘multilayer” from the atomic layers of the substrate and the film, while
method. The multicomponent nature of the work necesthe intensity from rough 3D growtligray ling loses the
sitated this approach. Typical samples are “binary,”simple periodicity.
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FIG. 2. (Color onling Composition and diffraction pattern of a

FIG. 1. Epitaxial phase diagram of Co- and Mn-dopedd®d  Co- and Mn-doped G601) sample with a thickness of 1000 4a)
films with thicknesses of 1000 A. Distinct RHEED patterns along Poping concentration of Céblue) and Mn(red) vs the position on
the[110] direction of Ge are shown ifa) for a 2D surface(b) for ~ the sample as determined by XH®) XRD intensity vs the recip-
a mixed 2D and 3D surface, amd) for a 3D surface. To enhance rocal lattice vector L along thELlL] direction of Ge(vertical axi3
the sensitivity for detecting the transition, the specular reflection, agnd the position on the sampleorizontal axig. The position of the
indicated by the gray arrow ifie), was positioned at the “anti- interference fringes fox<<5 mm shifts linearly in L, centered at the
Bragg” position between Bragg reflections, as indicated by the ardotted line. The fringes vanish above5 mm [dashed line in@],
row in (c). (d) X-ray diffraction profiles along[11L] direction  indicating the transition to rough disordered growth with enhanced
through Gé113 reflection. The peak at+3 originates from the diffused scattering(c) The corresponding fits of the XRD intensity
Ge substrate, while the oscillations are from the film-substrate inusing a simple kinematical model for positiorss mm (Ref. 9,
terference. Black and gray lines correspond to 2D and 3D filmsabove which the behavior can no longer be fitted by a simple
respectively. For clarity they are separated by a dec@ii®ough- ~ model. Instead, the latter was fitted using a more complex model
ening transition as a function of doping concentraficincles. The ~ with many parameters, which will be discussed elsewhere. As
gray area indicates the region of smooth 2D epitaxial growth. Theshown in the color chaftabove(c)], the warmer color corresponds
solid line indicates/b~ 3, where the intrinsic strains due to Co and to @ higher intensity, and for clarity the intensity is truncated &t 10
Mn substitutional doping are fully compensated, while the dashed

lines mgrk the boundary where the strain reach@07%, as dis- Fig. 2(b) produced by a series §11L] x-ray scattering pro-
cussed in the text beloyEq. (1)]. files with the diffraction vector L along the growth direction,
increasing Co doping causes the intensity oscillatiGths
From these measurements, an epitaxial phase diagram oiterference fringesto shift linearly toward higher values of
the system has been determined, as shown in @y \lthere L. In contrast, introducing Mn initiates a linear downward
the observed transition is shown to depend sensitively on thshift in L [to the right of dotted line in Fig.(®)]. The fringes
relative doping concentration. Coherent 2D epitaxial growthdisappear sharply at the roughening transition. This is ac-
occurs within a narrow window of compositidgray area  companied by enhanced diffused scattering, indicating the
arounda/b~ 3 (solid line) up to a combined maximum dop- onset of disorder. As mentioned abdveg. 1(d)] the period
ing of ~14 at. %. It is within this regime where promising of the oscillations gives a quantitative measure of the film
Ge magnetic semiconductors were discovered Wighap-  thickness, while their phase along L is related to the strain
proaching room temperatufélhe 2D films are stable under between the film and substrate.
post-growth annealing for temperatures up to 600 °C, above The diffraction patterns shown in Fig(l§ have been fit-
which phase separation occurs. Outside the 2D regime, filmed using a simple kinematical modeih which the number
are rough, defective, and inhomogeneous. These observaf atomic layers, the average atomic layer spacing, and the
tions, particularly the symmetry of the 2D regime in the Debye-Waller factor were used as the fitting parameters. As
phase diagram, suggest that lattice mismatch plays an impogshown in Fig. Zc), this simple model produces satisfactory
tant role. Since the tetrahedral radius of Co is smaller thamesults, because the film thickness (1683® A, determined
that of Ge, while the Mn value is largBrdoping the two  from the fitting and confirmed by HRTEMs thin enough
could compensate for the strain effects from each othethat the dynamical effects do not pose problems in determin-
within a range up to a critical value, as indicated by theing the average strain of the film as a function of Co and Mn
dashed lines in Fig. (&). doping concentration. From this strain as a function of Co
To explore this, further XRD and XFS experiments haveand Mn doping concentratiori$ig. 2@], has been deter-
been carried out and analyzed. Samples with special dopingined. The result, as shown in Fig. 3 corrected for the te-
profiles like the one shown in Fig(& were studied in order tragonal lattice distortion due to in-plane stré$sstablishes
to separate the effects from the two dopants. As shown ithat within the 2D regime the lattice spacing obeys Vegard’s
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FIG. 4. Evolution of the roughening transition: RHEED inten-
sity as a function of doping concentration and film thickness for

FIG. 3. Lattice mismatch between the doped Ge film and the GE2MPIES@ C xMno 5Ge— and(b) CoGe, . The 2D and 3D
substrate as a function of Co and Mn doping concentration. Thintensities correspond to integrated intensities of the specular reflec-

strain values were determined by fitting the diffraction patternstion at the anti-Bragg positiofthe gray arrow in Fig. ()] and a
nearby Bragg reflectiofthe one to the right of the arrow in Fig.

shown in Fig. Zb) and corrected for the tetragonal distortion due to : ; e e .
1(c)], respectively. Circles indicate the crossover points in intensity

the in-plane stresgRef. 10. The film thickness determined from ’ ) ;
the fits is 103316 A. between the 2D and 3D features, and lines correspond to fits using

al(x—Xg) discussed in the text with respectiweandx, values for

_ - . (@ 10=2 A and 7.3:0.5%, and for(b) 0.32-0.04 A and 3.5
law, such that the expansion due to Mn substitutional doping. g 4. The dashed line ifb) corresponds to the equilibrium predic-

is compensated by the compression due to Co doping Witflon (Refs. 12 and 1pwith the strain values calculated using Eq.
the net straire given by (1), but a corresponding curve féa) is out of the plot range.

Co Concentration (%)

e=—0.01%x+0.04%x. (1)

dependence, as shown in the fits in Fig. 4 with constapts
Here the two terms on the right hand side correspond to thand x,] rather than the predicted €falso shown in the
effects from Co and Mn doping with the respective coeffi-dashed line in Fig. @)].>*® These findings suggest that
cients determined from XRBL Tetrahedral covalent radii phase separation in addition to strain may play a dominant
obtained from these values are 1.20 A for Co and 1.27 A fOIi'0|e in determining the observed phenomenon_

M.n USing the Ge value of 122 A, in excellent agreement The presence of a SOlUblllty gap that promotes the ten-

with those from recent studiés. S dency toward phase separation even in the absence of strain
Equation(1) establishes that at/b~3 [solid line in Fig.  giyes rise to a solid mixture energy that may be parametrized

1(e)], the strain is fully compensated for, so the doped film 'Sby a second order polynomial in concentratiori® whose

mt?isr;[siséaebrir Fé(tairces tgfe tr:‘;gzt'soen ;;?Ogefgndasggzl%iggl tc;"girea density is proportional to thickness The energy cost
g P P o or the system to remain in solid solution can be balanced by

pendency. Asa/b deviates from this valudg| increases and h iated with : f interfacial def
when it reaches a critical valu® [dashed lines in Fig. (&) t € energy assoclated with generation of interfacial defects,
which generally depends an but not onh.*>7%° The two

with A~0.07%] and beyond, growth becomes unstable, i.e.,

a strain dependency, and surface roughening, lattice relagn€rgies are comparable &, where generation of interfa-
ation, and phase separation occur. cial defects becomes viable and thus homogeneous epitaxial

The evolution of the roughening transition as a functiondrowth becomes unstable. This leads to the functional form

of film thickness provides a key insight into the underlying described above, with a characteristic cutqfffrom the lin-
processes. As shown in Fig. 4, transitions redr~3 [along ~ €ar term inx in the mixing energy. The presence of strain
the solid line in Fig. 1e)] and those away from fiacross the Would further reduce the stability of the epitaxial growth,
dashed lines in Fig.(&)] exhibit qualitatively different thick-  since the strain energy depends sf[or x* using Eq.(1)]
ness dependence with the lattffig. 4(b)] being much andh, but it will not change the functional form. Instead, it
sharper than the formdiFig. 4(a)]. It is well known that  will make the concentration dependencégfharper, owing
lattice strain makes pseudomorphic growth unstable, thut the reduced proportionally constant axyl as shown in
giving rise to surface roughness and interfacialFig. 4.

dislocationst?>~**What is interesting, however, is the appar-  While the two-phase parametrization discussed here for
ent coincidence of surface roughening, lattice relaxation, anthe thermodynamics is probably oversimplified, the impor-
phase separation. Quantitatively, the thickness at which theance of interfacial defect generation in controlling the ob-
transition occursh, for strain values 0&0.1% is much too served transition is quite evident. Defect-free pseudomorphic
small compared to those observed in similar syst¥m§, growth, with the lattice strain fully compensated for, resists
even smaller than what is predicted by equilibriumphase separation, but defective growth and the presence of
theory*?~1% Furthermore, the functional form fdr, exhibits  lattice mismatch would trigger an earlier onset of disorder
a 1/(s —gq) strain dependencior a 1/x—xp) composition and inhomogeneity.
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In summary, the epitaxial phase diagram of Co and Mncandidates, especially when both lattice and electronic com-
doped G€001) films has been studied. Complementary dop-pensations among the doping species are present.
ing using dopants from different groups of elements to com- e authors thank D. Walko and P. llinski at APS for
pensate for the effects of lattice strain has been shown to bgyperimental assistance. The work was supported in part by
the key for stabilizing epitaxial growth at higher doping lev- the U.S. National Science Foundation, Grant No. DMR-
els. This approach of complementary doping using knowrg108605. Use of the Advanced Photon Source was supported
properties can dramatically enhance the search for desirablyy the U.S. Department of Energy, Office of Science Basic
electronic materials by reducing the number of potentiaEnergy Sciences, under Contract No. W-31-109-ENG-38.

*Electronic address: ftsui@physics.unc.edu 10The correction factor for the tetragonal distortion is+#)/(1

1G. A. Prinz, Phys. Today8 (4), 58 (1995. —v) for the (001) system, with a Poisson ratioof 0.27 for Ge.

2S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. There is a 25% uncertainty associated with these coefficients from
von Molnar, M. L. Roukes, A. Y. Chtchelkanova, and D. M. the systematic errors in the composition measurements.
Treger, Scienc@94, 1488(2001). 123, H. Van der Merwe and C. A. B. Ball, iEpitaxial Growth

°H. Ohno, Science@81, 951 (1998. edited by J. W. Matthew§Academic, New York, 1976 Pt. B,

“Y. D. Park, A. T. Hanbicki, S. C. Erwin, C. S. Hellberg, J. M. chap. 6.
Sullivan, J. E. Mattson, T. F. Ambrose, A. Wilson, G. Spanos,ls‘]. W. Matthews and A. E. Blakeslee, J. Cryst. Growfh 118
and B. T. Jonker, Scienc295, 651 (2002. (1974 29, 273(1974.

5 .
E. H. Putley,The Hall Effect and Semiconductor Phys{Bstter- 1R People and J. C. Bean, Appl. Phys. Leff, 322 (1985.

worth, London, 196f) Chap. 5. 15R. C. Cammarata, Prog. Surf. Sdb, 1 (1994).

6 .
Y. K. Yoo and F. Tsui, MRS Bull27, 316 (2002. 16 .
"F. Tsui, L. He, L. Ma, A. Tkachuk, Y. S. Chu, K. Nakajima, and T. J. C. Bean, L. C. Feldman, A. T. Fiory, S. Nakahara, and I. K.

Chikyow. Phys. Rev. Lett91, 177203(2003. 17PR3) bgr?:r'sjér:f Cé SFCIUTsiZTnXLZT 4F?hG (slgfgd 980(1987)
8R. K. Iwanowski, Lawniczak-Jablonska, Z. A. Golacki, and K. 18C' K T » APPL. y ) . )
Traverse, Chem. Phys. Le#83 313(1999. g ittel and H. KroemerThermal PhysicgFreeman, San Fran-
9]. K. Robinson, Rep. Prog. Phys5, 599 (1992. cisco, 1980, Chap. 11.

081304-4



