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To extract the room-temperature drift mobility and sheet carrier density of two-dimensional hole gas
(2DHG) that form in Ge strained channels of various thicknesses in G4, ¢,/ Si(001) p-type
modulation-doped heterostructures, the magnetic field dependences of the magnetoresistance and
Hall resistance at temperature of 295 K were measured and the technique of maximum entropy
mobility spectrum analysis was applied. This technique allows a unique determination of mobility
and sheet carrier density of each group of carriers present in parallel conducting multilayers
semiconductor heterostructures. Extremely high room-temperature drift mdatitgheet carrier

density of 2DHG 2940 crAV s ! (5.11x 10* cm™?) was obtained in a sample with a 20 nm

thick Ge strained channel. @002 American Institute of Physic§DOI: 10.1063/1.1473690

There has been considerable attention directed towards We previously reported that pure-Ge channel MOD
realizing high-speeg-type field-effect transistor@FET9 in  structures with very high mobility could be grown by utiliz-
Si-based materials, because the performance dhg a low-temperature buffer techniq@i& which provided
complementary—metal—oxide—semiconduct6MOS) type  Very high quality SiGe strain relaxed buffer layers with high
circuits is limited byp-type devices due to their lower hole Ge contents. The highest measured Hall mobility at RT was

71 71 .y -
mobility. In order to enhance the hole mobility, several types!320 cntV-ts . However, the mobility only in the

of Si/Ge heterostructures have been intensively stuldied pure-Ge channel in our multilayer samples should be much

Among them, the SiGe/pure-Ge channel/SiGe heterostruci,h—Igher bec;ause the effects of parallel cpnducﬂon Were hever
ture is considered to provide the highest mobility since theexcluded in our measurements. Then, in order to extract the
P 9 Y intrinsic mobility in the strained Ge channel of our samples

effective hgle mass decreasgs with anincrease in Ge conteRl o investigate the amount and the origin of parallel con-
and there is no alloy scattering which may dominate transy,,ctions, we carried out MSA. It was found that the mobili-

port in SiGe alloys. Strained pure-Ge channel modulationties of holes in the strained Ge channel layers were extremely
doped(MOD) structures with very high hole mobility were high and beyond the bulk Ge value.

successfully fabricated on Si substrates by several gr%)ilps. Samples were grown by solid-source molecular beam
Hock et al* performed mobility spectrum analy<isI1SA) to epitaxy onn-type (5—10Q cm), (100-oriented Si substrates.
extract the mobility of holes only in a pure-Ge channel ex-Relaxed Sj34Ge&, 7 buffer layers were grown by the two-
cluding the effects of parallel conductions and they obtainedstep low temperaturé.T)-buffer technique. In the first step,
mobility of 1665cnfV ts ! (at 8x10" cm 2) at room @& 500 nm §j;{Ge, 7 layer was grown at 600 °C on 50 nm
temperaturéRT), which was the highest value until Madhavi LT-Si layers. Then, a 500 nm jGe 67 layer was grown at

et al® reported Hall mobility of 1700 chv~1s ! (at 7.9 500°C on 50 nm LT-3i7:Gey 7 layers. LT-Si layers and

X 10t cm2). It was achieved by reducing the contribution LT-Sio.7836 27 layers were grown at 400 and 300 °C, respec-

i 8 3
by parasitic conducting layers in GejSGe,; MOD hetero- tively. Next, 10 nm B-doped layers{2x 10" cm™?), 20

structures. However, this value is still lower than the bulk Ge'M Spacer layers, a Ge channel, and 40 nm capping layers

one (1900 crdV~1s™ %) in spite of modification of the band were grown successively on the buffer. The channel thick-

truct db ) train. i q . tness in sample Awas 7.5 nm and in sample B was 20 nm and
STUClUre caused by compressive strain, 1.€., decreasing thg, growth temperatures were 350 and 300 °C, respectively.

effective hole mass and increasing the band splitting betwee[‘owering of the growth temperature was needed to grow a

heavy-hole and light-hole bands. thicker channel without strain relaxatién.

First, the Hall mobility and sheet carrier density were
dElectronic mail: m.myronov@warwick.ac.uk obtained by combining Hall and resistivity measurements in
0003-6951/2002/80(17)/3117/3/$19.00 3117 © 2002 American Institute of Physics
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. . FIG. 2. Mobility spectrun(a) as the result of the.,,(B) ando,(B) fits (b)
FIG. 1. Mobility spectrunta) as the result of the,,(B) andoy(B) fits ()  measured at 295 K for sample B. The number of magnetic field poirts in
measured at 295 K for sample A. The number of magnetic field poirt®in 5 50 and the number of carriers {8) is 300. Total deviation squareg?
is 50 and the number of carriers () is 300. Total deviation squareg? =7.4x10°5
=8.8x107°. ' '

eia valid for one type of carrier only. At low temperatures it is
in Hall-bar geometry. Ohmic contacts were formed bytrue and corresponds to the value of 2DHG that formed in

evaporating AuGa. The sample with a thinner Ge channetlhe strained Ge channel when all parasitic conductions and

showed better magnetotransport properties at 10 K. The Hanackground Impurities were frozen out. In_ our case it IS 1n
mobility of the two-dimensional hole ga@DHG) (at the very good agreement with the values predicted by numerical

sheet carrier densitythat formed in the Ge channel of Selution of a one-dimensiona|1D) Schralinger—Poisson
samples A and B measured at 10 K was 15 778¢mts ! simulation. With an increase in the temperature from 20 to
(1.11% 102 cm™2) and 7570 crAV 11 (9.55 300 K conduction in parasitic parallel layers occurs. In this
X 101 cm™2), respectively. At room temperature the situa- 2S€ the average mobility and average sheet carrier density

tion was the reverse. The sample with a thicker Ge channdlf @ll conducting layers are measured by the Hall effect tech-

showed better Hall mobility. The Hall mobilitgat the sheet Nidue and the simple equatiquq=(eXRy) " no longer
carrier density measured at 295 K in samples A and B represents the sheet carrier density in the Ge channel. To
was 1110 crAvV 1t (2.97x 10" cm 2) and Solve this problem the magnetic field dependences of the

1440 cnd vV~ 1s™! (2.28x 102 cm2), respectively. magnetoresistance and Hall resistance at 295 K were mea-
Samples A and B were optimized during different Sured and MSA was applied. MSA was proposed by Beck
growth experiments for their best low and room temperatur@nd Andersori,and was further developed by Dziubtal.’
Hall mobilities, respectivel§. We present two samples to by Antoszewskiet al.” by Vurgaftmanet al.*® and by Kiat-
show that the structurésample A optimized to get higher gamolchaiet al’'? as a useful technique for analyzing
Hall mobility at low temperatures does not show higher mo-multi-carrier galvanomagnetic phenomena. MSA is the trans-
bility at room temperature in comparison with the structureformation of the electrical conductivity tensor versus the
(sample B optimized for higher Hall mobility at room tem- magnetic field into the conductivity density versus the mo-
perature. We stress this point to contrast our results to thbility spectrum. The technique allows a unique determination
results reported by Madhaei al,> who used thicker buffer of the mobility and sheet carrier density of each group of
layers and reported no pronounced channel thickfiashe  carriers present in parallel conducting multilayers of semi-
range of 10—15 npneffects on the Hall mobility. conductor heterostructures. The magnetic field dependences
The sheet carrier density determined from Hall effectof the magnetoresistance and Hall resistance were measured

technique measurementsfig,=(eXRy) 1. This equation at 295 K as the magnetic field] was swept continuously
Downloaded 06 Jul 2009 to 137.205.202.8. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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TABLE |. Average Hall mobility and sheet carrier density of Gg/g3Ge&, s,/ Si(001) multilayered heterostruc-
tures at 295 K in comparison with the 2DHG drift mobility and sheet carrier density for the strained Ge
p-channel only extracted by ME-MSA.

Ge channel
thickness HHall Pral Hq (2DHG) ps (2DHG)
Sample (nm) (cmPV—ish) (cm™2?) (cmPV~is™h) (cm™2?)
A 7.5 1110 2.9% 10% 2540 5.1 10
B 20 1440 2.2&10% 2940 5.1 10"

from —11 up to+11 T and the reversd. After that an aver- Ge mobility. This indicates that strain increases the hole mo-
age was taken and the magnetoresistance and Hall resistarfejity in the Ge channel probably by reducing the effective
were converted into conductivity tensor componantgB)  hole mass and increasing the band splitting between heavy-
and oy(B) followed by a maximum entropy-MSAME- hole and light-hole bands to reduce intervalley scattering. To
MSA) fit procedure’*?1t is worth pointing out that the ME-  the best of our knowledge, this is one of the first reports to
MSA approach does not require any preliminary assumptionshow that the mobility of strained Ge exceeds that of the
about the number of different types of carriers and this aspedulk. The results of the Hall and resistivity measurements
is very important for transport phenomena analysis in semiand MSA at 295 K for both samples are summarized in Table
conductor structures. I. The higher mobility of sample B is consistent with the
Mobility spectra as a result of the conductivity tensorresults of the Hall measurements, and may be caused by the
componenioy,(B) ando,(B) fits of samples A and B are difference in interface roughness scattering due to the lower
presented in Figs. 1 and 2, respectively. The fitted magnetigrowth temperature and the thicker Ge channel in sample B.
field dependences af,,(B) and o,,(B) are in very good In conclusion, we characterized pure-Ge_ _stramed chan-
agreement with the measured ones for both samfdes nel p-type MOD heterostructures by mobility spectrum
Figs. 1 and 2 For both samples the mobility spectrum con- analysis and found that the drift mobilitat the sheet carrier
sists of four peaks. The small peaks with negative mobilitydensity of holes in Ge channel layers reached
around— 1500 cr? V~1s 1 in the spectrum show the exis- 2940 cnfV™!s™ (5.11x 10" cm™?) at 295 K which ex-
tence of electrons, which may come from arSiype sub- ceeded the bulk Ge value. This result clearly indicates that
strate or a thin Si tensile strained cap layer on the surfacetrain really does increase the carrier mobility.
Two merged peaks around300 cnf V~1s ! correspond to

tShie %sz ;;(;:asrgle;e{)n ?égg?se?n(%f ?/i/eg—ls&g;e)riTaESffg Scientific Research on Priority Areéo. 11232202 of the
0-35%0.67 782027 - Ministry of Education, Culture, Sports, Science and Technol-

Fall mobiity but 2150 device performance. Work on optmi. ©9Y and by the Intemational Collaboraion Program of the
zating the doping profile and reducing the background impulJapan Society for the Promotion of Science.
rities to decease these parallel conductions is now underway.r, schaffler, Semicond. Sci. TechnaR, 1515(1997.

The peaks with the highest mobilities in the spectra corre-?T. Irisawa, H. Miura, T. Ueno, and Y. Shiraki, Jpn. J. Appl. Phys., Part 1
spond to the 2DHG that formed in the strained Ge channelsR:‘(OhZ?(?“(ZDo?\j)- £ A Fingerald. b Si E A Thiel. and &
In contrast to the mobilities of carriers in the parallel con- 5 Watéi'n’ Ap&h?ﬁ;}s.-Létagzggg(igéal fverman, = A. Thiel, and .
ducting layers, the mobilities of 2DHG increase with a de- 4G, Hock, M. Gluck, T. Hackbarth, H. J. Herzog, and E. Kohn, Thin Solid
crease in temperaturgurther details of this will be pub-  Films 336 141(1998.

lished. Also, the increase in conductivity of 2DHG with a SS.OI(\)/I]?dhavi, V. Venkataraman, and Y. H. Xie, J. Appl. Ph§s, 2497
decrease in temperature was observed. Others peaks show . Ueﬁo, T. Irisawa, Y. Shiraki, A. Uedono, and S. Tanigawa, Thin Solid
conductivity freeze out behavior with a decreasing in tem- Fiims 369 320(2000.

perature and could be considered to be from parasitic chan:;W- A. Beck and J. R. Anderson, J. Appl. Phgi2, 541 (1987.

nels in our structures. The drift mobiliat the sheet carrier 5'55{(‘)‘523\/2%""5 %Oré'éa},f(;ufh{s'Fi',agfn(elgfzﬁ Mever. and C. A Hoff.
density of 2DHG at 295 K extracted from the mobility spec- a0 5 Electron. Métee‘{ 1255(1995. yer o
trum is 2540crAV ls ! (5.12x10"cm ?) and 19 vurgaftman, J. R. Meyer, C. A. Hoffman, D. Redfern, J. Antoszewski, L.
2940 cnfV~'s™* (5.11x 10" cm?) for samples Aand B,  Faraone, and J. R. Lindemuth, J. Appl. PI§4. 4966(1998.
respectively. These are, we believe, the highest publishedgdog'atgirgi"‘:ha" Ph.D. thesigWarwick University, Coventry, UK,
values of drift mobility of 2DHG formed in the Ge strained 125 Kiétg.amok.:hai, 0. A. Mironov, V. G. Kantser, M. Myronov, Z. Dziuba,

channel at room temperature and much higher than the bulke. H. C. Parker, and T. E. Whalunpublishei
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