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Persistent conductivity effect in modulation Sidoped In ,Ga, gAs/GaAs quantum wellQW)
structure grown by metal organic vapor phase epitaxy was examined using Hall effect and
magnetotransport measurements in magnetic fields up to 12 ¥ &t7 K. No measurable electron
density was found in the QW after cooling down the sample in the dark and the electron density in
the V-shapeds-doped potential wellV-QW) of the modulation Sis-doped layer was two times
lower than the electron density of the samesSioped layer in GaAs. The illumination resulted in

the increase of electron density in the V-QW at the beginning and consequently in the population of
the ground subband in the InGaAs QW. Due to parallel conduction, a nonmonotonic dependence of
Hall density as a function of illumination time was observed. The total electron density in the
modulation doped InGaAs/GaAs heterostructure after the illumination became approximately equal
to the electron density in the Skdoped layer in GaAs. €1997 American Institute of Physics.
[S0003-695(197)01438-1

The In_,GaAs/GaAs semiconductor heterostructuresOxford SM2000 cryostat with a superconducting coilTat
have attracted considerable attention of researchers due t91.7 K in magnetic fields up to 12 T. The photolithographi-
their promising applications to high speed electroniccally defined Hall-bar structure with Au/Ge annealed con-
devices' The device performance, e.g., in high electron mo-tacts was used. The PPC was obtained by illumination of a
bility transistorstHEMTS), can be further improved by using sample aff = 1.7 K with an infrared X =906 nm) light emit-
the &doping instead of the conventional modulation bulkting diode mounted outside the cryostat.
doping techniqué.Several reports on the transport properties A set of magnetoresistivity g,,) and Hall resistivity
of modulation doped In_ ,GaAs/GaAs have been published (py,) traces versus magnetic field is shown in Fig. 2. Pre-
recently>~’ The interplay between two-dimensional electronsented curves were obtained under following conditions. The
gases(2DEGY confined in quantum wel(QW) and in first measuremer(see curve a in Fig.)2was performed just
V-shaped potential wellV-QW) formed in the Sis-doping  after cooling down the sample in the dark. Next the sample
layer is one of main intereste The illumination had usually was illuminated for a few seconds. It was found that after the
been used to change the electron density in modulatiolumination thep,, decreased persistently. Then, the second
doped heterostructures, such as AlGaAs/GaAs systems. THeeasurement was performed in the desée curve b in Fig.
DX centers are responsible for persistent photoconductivit@)- The same procedur@ few seconds illumination, mea-
effect (PPQ in AlGaAs/GaAs heterostructuré$.By com-  surement in the dajkwas applied several times with the

parison, the origin of a weak PPC effect observed in Sfesults shown in Fig. Zsee curves c-k All illumination
s-doped GaAs is still under debate* periods resulted in persistent conditions, i.e., after the light

In this letter, the transport properties of modulation SiWas off, no resistivity transient could be observed. Further

s-doped I ,Ga, sAs/GaAs QW structure were investigated !llumination (after the curve k in Fig. 2 was recordezhused

in the dark and after subsequent illumination. The aim of ouf"€ Unstable conditions. After the light was off, the sample
work was to examine the PPC effect on the Sidoped resistivity increased with a characteristic time of minutes and

Ing ,Ga AS/GaAs QW structure with the saturation at the level of the last persistent condi-

The Si s-doped I Ga, As/GaAs QW structure was 'tions.(cu.rve k in Fig. 2. The measurement upder continuous
grown by low pressuré€76 Tor) metal organic vapor phase illumination was also performetsee curve | in Fig. R
epitaxy (MOVPE) at 630 °C. The details of the growth pro-
cedure were published previou$lyThe schematic sample 5 nm GaAs n = 2 x10'em ®
structure is shown in Fig. 1. The top 5 nm of the GaAs cap
layer was slightly doped to 210 cm 3. A Si &doped
layer was introduced in the back GaAs barrier 10 nm from 10m 10 0202 oA
the QW. The electron density of the sameS®loped layer in 10nm Gals Si 5-doping layer
GaAs measured at room temperature by means of electro- 200 nm GaAs
chemical capacitance—voltage profiling was equal to 23
X 10t cm™2. Transport measurements were performed in an

45 nm GaAs

Sl GaAs substrate

@Electronic mail: adam.babinski@anu.edu.au; On leave from Institute of
Experimental Physics, Warsaw University, Warsaw, Poland. FIG. 1. The schematic structure of the investigated sample.
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FIG. 2. Magnetoresistivity ) of the sample measured &t=1.7 K: just L ) L
after cooling down in the darka), in the dark but after subsequent illumi- It can be seen that the conduction in the low field region is

nation periodgb—k), and under continuous illuminatiah). Hall resistivity dominated by the higher mobility carriers.

(pxy) for measurements a, k, and | are also shown. In the high magnetic field limit £;B>1),
Clearly the shape of magnetoresistivity traces changed ny= =n,;+n,, 3

as a result of illumination. The Shubnikov de Ha&lH) Pxy
oscillations appeared after an illumination. The fast Fourier
transform (FFT) was applied and the relevant spectra are lllumination time
shown in Fig. 3. It can be seen that sheet electron density B — :
was increasing gradually as a result of illumination. The 14 | o 17
electron Hall and sheet electron densities after subsequent a o T=1.7K &
illumination periods are in Fig. 4. It was found that Hall § Broo 16 _g
mobility was an increasing function of the total illumination 5 © ©
. . ] . - 12 } 15 =
time. The Hall electron density was a nhonmonotonic function = o 3 - s
of the total illumination time(or of the Hall mobility, as in 2 41| hd 1, B
Fig. 4). Initial illumination resulted in the increase of the £ o e @ S o H
Hall density from 8.5 10'* to 14x 10** cm™2. Further illu- S 10 loeg ® o ls £
mination however caused a decrease of the Hall density to § L] %
8% 10" cm2 The Hall density measured under continuous £ 9] 12 &
illumination was equal to 10:810" cm™2. Electrical pa- . ¢ o

. . . 1

rameters of our sample measured at room temperature and at
T=1.7 K are summarized in Table I.

The nonmonotonic dependence of the Hall density on Hall mobility [cm?/Vs]
the illumination time can be explained using a two carrier
conduction model. The resistivity of the 2DEG system can G- 4 _ .

. . . s 5 (full circles) obtained from FFT spectra of thg, traces as a function of
be described by the two-dimensional resistivity tensotin Hall mobility. The Hall mobility increased monotonically with the total

case of a two carriers transport, the Hall densityand Hall illumination time. Note different scales for both electron densities.
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IG. 4. The electron Hall densitfopen circles and sheet electron density
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TABLE I. Summary of the electrical transport parameters: Hall density—gre trapped on deep centers within the structure at room tem-
Ny, Hall mobility—uy; , and sheet electron densityisy, in the modula- — paratyre and they cannot be seen at low temperature in the
tlon 51 &doped pseudomorphic diGahsiGahs QW. dark. lllumination releases electrons from those centers. Due
17K 1.7 K to the potential barriers of the QW and the V-QW, electrons
17K inthe dark after continuous  cannot return to deep centers. In such a picture, deep centers
00K inthe dark an illumination illumination 45 ot have to possess the potential bartas DX centers
ny[10' cm™2] 7.2 8.9 8.0 10.3 do) because they are separated spatially from both wells. The
pnlentIV s] 2720 760 9520 18750 fact that the V-QW is being populated first suggests that the
Nsgl 10" cm™?] ' 45 ! centers in question are very likely interface states.
In conclusion, the transport properties of modulation in
Si &-doped I ,Ga, As/GaAs QW structure were examined.
It was found that after cooling down the sample in the dark,
the ground electronic subband within the QW was empty and
the conduction took place in the V-QW. The PPC effect
The Hall density equals the sum of both carriers densitiegesulted in the gradual filling first of the V-QW and then the
and the longitudinal resistivity,, is governed by lower mo-  Qw. The nonmonotonic behavior of the Hall electron den-
bility channel. sity as a function of the total illumination time due to the
Just after cooling down a sample in the dark, the Hallparajlel conduction in V-QW was found. The total electron
resistivity py, of our sample was a near-linear function of gensity after an illumination was approximately equal to the
magnetic field.. It suggest; that _onIy one t_ype of carriers Wa§|ectron density in the Sh-doped GaAs. It has been pro-
prt_a'sent(setfs Fig. 2 Very intensive negative magnetoresis- ,nsaq that the photogenerated electrons originate mainly
tivity effect™ in the p,, trace can be observed with no SAH g, jonized Si atoms of the doping plane, they are captured

loscnlanons. A lO\.N mo(tjnllty_ of clarrlersﬁ(760 f‘?‘/ SI) at ad on deep centers within the structure and released at low tem-
ow temperature is predominantly an effect of the large deny . o< by illumination.

sity 9f |on|zeq cent_ers. Th's. fact suggests that electrons are G. Li acknowledges financial support of the Australian
spatially confined in the S&-doped layer due to a deep esearch CouncillARC)
V-shaped potential well and the electrostatic attraction 05 '
electrons to ionized Si donors. During the illumination, pho-
togenerated electrons are first transferred to the V-QW but
not to the INnGaAs QW. This causes an increase of the Hall
density and the Hall mobility. Further illumination results in
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