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2. MBE growth

All structures used here were grown by solid source MBE on (100) oriente
with growth rates around | HUm/h, a substrate lemperature
cquivalent pressure) of 27 T he different com
controlling the group III flux ratio.

Figure 1 schematicall
structure.

d InP:Fe substrates
of 530 °C and a V/III ratio (e
positions of the ternary layers were obtaj

¥ shows the epitaxial Ia
The buffer consists of two 100 nm

Inﬂj_«_;f_“‘:aﬂld?ﬂ:-gflugjgﬂ!ﬂ_‘ig,ﬂ&s superlattices. The lemperatures of the Ga effusion cell wag
decreased while growing the second | 9 504l 48As layer from the value necessary for lattice
matched growth to the valye appropriate for the strained QW. The In flux was kept constant,
except for the growth of the lattice matched cap layer. As our MBE machine is eq uipped with
| two Al cells (and 2 single Ga and In ce] cach), we were able to grow the layer sequence

shown in Fig. 1 without any growth interruption at the QW interfaces, having different A
fluxes at our disposal.

¥Er sequence of the investigated HEMT
thick Ing spAly 4gAs layers and two

The investigated range in the In contents
Table 1. The Si doping level in the In},.ﬂll_},ﬁa
M5409, M5424 and M35425 and 1.

of the QWs and the barriers are given in
supply layer was 1.5 x 10" ¢3 for sample

0% 10" em3 for all others. The measured transport
properties reflect the influence of the parallel conduction in the cap layers: Samples

M5406 - M5410 have doped caps of only 7 nm thickness, whereas the other samples have

thicker caps (5 nm undoped InGaAsg lopped by 10 nm doped InGaAs). The doping in the cap
layers is 3.0 x 1018 o3 in all samples.

The characrerizalticm of our
77Tand 42 K and Shubnikoy-
conductance from

HEMT structures was made by Hall

de Haas (SdH) measurements at
the parallel conductance in the cap layers. T

measurements at 300,

4.2 K to separate the 2DEG
he thicknesses of the surface

st m— ———— T -1—II———I-—|'"—I—|—|—r
InGaAs 310!8 o3 ¥=().53 [ nm N —u_"icdsun.:nmj (
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Figure 1: Schematic layer structure of 4
strain-symmetrized HEMT

Figure 32: X-ray diffraction
strain-symmetrized MOW structure (5 periods) with
[ tm Ing 5Aly 43As buffer layer on InP substrate

barrier: 23 8 nm Ing 53AlG 47 As, QW: 120 nm
Ing 749Gag 5« 145, solid:  measurenie nt,  dotted:
dyvnamical scattering theory).

spectra (400) of g

near layers v
strained laye
structures, al

3. Structural

Figure 2 sho
MQW structy
buffer layer,
wide Ing 7,Ga
measured cur
compositions

Ing 749Gay 9s;.
of 530 °C and
simulation ind
observed seg
Ing 7,Gag yeAs
identical grow
strained InGaA

Table I: Structurg
HEMT structures

Sample

==

X (In,Ga,_ As) QW

% (In},ﬁll_},ﬂs} Barr

:’Jt‘:pfng Nr} ] Jﬂlg CIT

Higan (300K) fem?ry
Nan(300K) [10M2¢y

Rygan(77K) [em2/Vs
N (77K) [102em

Hpgan(4.2K) [czmzﬂp’s_'
Apan(4.2K) [102em’

Ny sap(4.2K) [10"%en
Ny gan(4.2K) [10%2%en

LM=lattice matched
ssd=single-sided dop
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near layers were controlled by X-ray reflectivity measurements (XRR). Compositions of the
strained layers were monitored by X-ray diffraction (XRD) on strain-symmetrized MQW
structures, always grown in direclt sequence with the HEMT structures,

3. Structural and transport properties

Figure 2 shows the XRD spectra of a s;lrain—s;}'rnmctrizﬂld [nﬂ_TfiGaﬂlgﬁﬁsf[nﬂ_d]5#*11{35351&5
MQW structure. The nominal layer sequence is a | um thick lattice Il'l'dtﬂht}d. [nnﬂhlu_dﬂha
buffer layer, followed by 5 QWSs, having 24 nm thick Inﬂlmjﬁlrﬂ_jgjﬂﬂ hﬂ:l'l'ii;‘I‘.‘:. and {2 nm
wide Ing 74Gag o6As wells. The simulated spectrum using dynamical m:attenﬁng theory fits the
measured curve excellently, with only small deviations from the nominal values. The
compositions and thicknesses from the simulation are: 23.8 nm ]n-{'}ili]gfﬁll{]lﬁglﬁﬁ, 12.0 1’?!11:1
Ing 749Gag 251 As, 1 um Ing 590Alg 475As buffer. Although we *_us:i:d hllgh growth t&mpnlt:ratuxes,
of 530 °C and a wide range of In contents from 0.415 to 0.74 in the QW and the barriers, the
simulation indicates that there is no noticable In segregation at the interf aces, in contrast f:u
observed segregation lengths of 3.5 nm at the intﬁurfac:ﬂs | of pseudomorphic
Ing 74Gag 26As/Ing 52 Al 49As MQWSs with lattice matched barriers, which were grown under

identical growth conditions [13]. In segregation has also been reported for the growth of
strained InGaAs layers on GaAs [10-12].

Table It Structural parameters, mobilities and 2-DEG densities of strain-symmetrized In, Ga;_,As/In Al yAS
HEMT structures with different In-content in the channel and the barriers (QW thickness: 12 nm)

Sample LM PM PM SS SS PM SS PM SS

s5d ssd ssd ssd 550 ssd ssd dsd dsd
M5406  M5407 M5408 MS5420 M5421 M5409 M5424 MS410 M5425

x (I Ga;_ As) QW 053 067 074 067 074 074 074 074 074
y (In,Al,_,As) Barrier 052 052 052 045 0415 052 0415 052 0415
doping N, [10" em™ 1.0 1.0 1.0 1.0 1.0 1.5 1.5 1.0 1.5

11 (300K) [em?/Vs] 9420 11390 12220 11040 12150 11090 11150 7450 7640

fem ' : 6.58  7.67
i (300K) [10%em ] 316 336 349 372 382 422 456

—

46860 14160 16280
Hian(77K) [em*/Vs] 30060 43000 50220 43150 50070 40700 46860

Nan(77K) [10em™) 303 321 335 353 367 405 425 655 731
il

Hiaii(4-2K) [em?/Vs] 33540 54940 62930 46820 - 54970 51080 16230 15060

a 2 f
g (4.2K) [10'2em™] 279 297 318 379 ; 364 430 607 692
Ny gqu(42K) [10%2em™?] 255 268 274 281 : 305 312 384 415
nmd:(-«:l 2K)[102em?] 026 038 045 046 - 061 069 220 255
2.5d :

—a

LM=lattice matched QW and barriers; PM=pseudomorphic QW SS:STI"E.HI—H}:‘I'I'I]TIISII‘IJ-LE':-IJ structure
ssd=single-sided doping in top barrier; dsd= double-sided doping in both barriers
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The transport properties of all the HEMT structures investigated in the course of this work are
given in Table I. Sample M5406 is a lattice matched reference sample with the QW width of
12 nm used in all our HEMT structures. The mobilities of this reference structure were
measured to 9400 cm?/Vs and 33500 cm?/Vs at 300 and 4.2 K, respectively. These mobilities
are clearly lower than those obtained on lattice matched structures with 32 nm wide QWs
(10000 cm*/Vs and 42000 cm?/Vs) due to increased interface roughness scattering by the
bottom barrier.

Using compressive strain only in the QWs, i.e with lattice matched barriers, increases
the mobilities with rising In content from 11400 cm?/Vs and 55000 cm?/Vs for x = 0.67
(sample M5407) to 12200 cm?/Vs and 63000 cm®/Vs for x =0.74 (sample MS5408).
Simultaneously there is an increase in the 4.2 K 2DEG densities from 2.81 X 10" ecm™ to
3.06%102em? and 3.19x 102 cem™ (samples M5406, M5407 and M5408). SdH
measurements clearly show two occupied subbands with densities n; and nj;. The
intersubband separation in sample M5406 was found to be 108 meV by the peak separation
in photoluminescence, agreeing well with the observed values of n; and n, using the
calculated density of states.

On increasing the doping level to 1.5 x 10" cm™ in the supply layer, the total 2DEG
density reaches 3.66 x 1012 cm2, while still maintaining a 4.2 K mobility of 55000 cm?/Vs
(sample M5409, lattice matched barriers, single-sided doping). Using InjAly_ As barriers
under tensile strain increases the carrier density even further. Sample M5424 s
strain-symmetrized with x = 0.74 in the QW and y = 0.415 in the barriers, showing a total
2DEG density of 3.81 X 1012 ¢cm™ at 4.2 K. The mobilities are practically unchanged (see
Table I).

A further increase of the In content in the QW to x = 0.78 with a corresponding
decrease in the barrier to x = 0.34, however, resulted in a drastic decrease in mobility due to

2500 prrprrrrprerr ey 600 B e
- a) | . b) -0
2000 - N\N = b 0y pll ” }—.:
— | WYV A0 . & | T
G : - mmnf‘d A~ e W & v || (ny+ns)
% 1500 |- q.p"".uh‘ o & L_;:H by |"|I |I
o | AT e o c | i ]
: il 4 200 Qi | l'. fll \ |'| ]
1000 |- - SR W
| 1“, / U LJ'V\/ lﬁ' f
500 Frlieobuilvesdolie levsa bina b 2o _.I's. bil | by e b o lll:ﬂl.JI
01 2 3 4 & B8 7 B 0 2 4 6 8 10

magnetic field [T] density [1 0'% cm’ ]

Figl}fﬂ 3: a) Shubnikov-de Haas measurement on a strain-symmetrized HEMT structure with double-sided
doping (sample M5425); b) Fourier transformation of Ry,.
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relaxation and the formation of misfit dislocations. Whereas it has been reported [8] that the
critical In content of strained InGaAs QWSs could be increased by the insertion of stress
compensating layers, our results show that, under our growth conditions, the maximum In
content 1s the same in pseudomorphic and strain-symmetrized structures.

Lxtremely high 2DEG densities were, however, obtained using double-sided doping
from both - top and bottom - barriers. Total 2DEG densities as high as 6.04 x 1012 em™ and
6.70 x 10" cm™ were found by SdH measurements at 4.2 K in samples M54 10 and M5425,
respectively. The first sample is doped to 1.0 x 107 em™ in the supply layer with a bottom
spacer of 4 nm, the corresponding values for the latter are 1.5 % 10" em™ and 6 nm. These
2DEG densities are, to our knowledge, the highest ever reported for InGaAs/InAlAs HEMTS,
The marked reduction in mobility of double-sided doped structures in comparison to
single-sided doping is due to Si segregation towards the channel [14]. So, for example in
structure M5425 we found mobilities of 7600 cm?/Vs and 15100 ecm2/Vs at 300 and 4.2 K,
respectively. In spite of the low mobility and considerable parallel conduction in the cap layer
we were able to determine clearly the separate densitics of the two occupied subbands by SdH
measurements and Fourier transformation, as shown in Fig. 3. This analysis vields densities
of 4.15 and 2.55 x 10'? cm™ for the first and the second subband in the QW.

4. High electron mobility transistors

HEMT devices with a gate length of 0.13 pm were fabricated from sample M5406 - M5408,
using ¢-beam lithography and wet chemical selective gate recess with succinic acid, The
increasing In content from x = 0.53 to 0.74 in the active QW (the barriers of these samples
were lattice matched to the InP substrate) resulted in an increase in the extrinsic
ransconductance from 670 mS/mm to 1150 mS/mm, with a concurrent increase in the
intrinsic values from 1000 mS/mm to 1600 mS/mm. The cut-off frequencies for the current
gain were measured to 200 - 220 GHz for all devices.

5. Summary

Single-sided doped strain-symmetrized Ing-4Gago6As/Ing 415Alg sgsAs HEMT structures
showed 2DEG densities as high as 3.81 x 10'? em™ and mobilities of 51100 cm2/Vs at 4.2 K.
Extremely high 2DEG densities of 6.70 x 10'* cm™ were obtained using double-sided doping
from both barriers. XRD of strain-symmetrized MQW structures showed that the se gregation
of In at the interfaces was significantly suppressed by strain-symmetrization.
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