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Role of doped layers in the dephasing of two-dimensional electrons in quantum-well structures
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The temperature and gate voltage dependences of the phase breaking time are studied experimentally in
GaAs/InGaAs heterostructures with a single quantum well. It is shown that appearance of states at the Fermi
energy in the doped layers leads to a significant decrease of the phase breaking time of the carriers in the
quantum well and to saturation of the phase breaking time at low temperature.
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Inelasticity of electron-electron interaction is the mainto 1.5x10 % Q% The low-field magnetoconductivity
mechanism of dephasing of the electron wave function inAo(B)=p,,(B)— p.(0) for two gate voltages is shown in
low-dimensional systems at low temperature. Whereas thEig. 1. To determine the phase breaking time we have used
theory predicts divergence of the phase breaking tipe the standard procedure of fitting of the low-field magneto-
with decreasing temperatut@n unexpected saturation of conductivity to the Hikami expressién
at low temperatures has been experimentally found in one-
and two-dimensional structurés. These observations re- A _ 1 7 Btr) (1 Btr) (Tp”

X ; : X : oc(B)=aGy| | s+ — —=|—¢| =+ —=|—In| —]]|,
kindle a particular interest in dephasing. 2 1, B 2 B T

In order to perform transport experiments, & or @
modulation-doped layer is arranged .in semiconductor heterq,—vhere Go=e%(27%h), B, =hi(2e?), | is the mean-free
structures. Usual!y the doped Iayer IS §paced from the quaisath, 7, is the momentum relaxation time4(x) is the di-
tum well, all carriers leave the impurities and pass into th_ amma function, andr is equal to unity. This expression
quantum well. In some cases a fraction of the carriers remaif} - < s tained within the diffusion approximation. Neverthe-

in the doped layer. As a rule, these carriers do not contribut?ess as shown in Ref. 5, with less than unity it can be used

to the dc conductivity bec.ause they are localized in ﬂucmafor analysis of the experimental data even beyond the diffu-
tions of long-range potentlgl. In other words, t_he percolatlo_ ion approximation, giving the value ef, close o the true
threshold of doped layer is above the Fermi Ievel_. In this ne. The results of the fitting carried out in two magnetic
paper we demonstrate that the presence of the carriers andﬁ)éld ranges are presented in Fig. 1. One can see that the
emply states in a doped .Iayer at the Fermi energy can CON7alues of the fitting parameters somewhat depend on the
tribute to dephasing and its temperature dependence.

The main method of experimental determination of themagnetlc-fleld range. However, the differencerjndoes not

phase breaking time is an analysis of the low-field negative

magnetoresistance, resulting from destruction of the interfer- 10l

ence quantum correction to the conductivity. We have mea-

sured the negative magnetoresistance in single-well gated 0.8t

heterostructures GaAs{@a _,As. The heterostructures o

were grown by metal-organic vapor-phase epitaxy on a semi- g 061

insulator GaAs substrate. They consist of a 0.5-mkm-thick D a4l

undoped GaAs epilayer, a Shlayer, a 60-A spacer of un- g -

doped GaAs, an 80-A |nGa,sAs well, a 60-A spacer of o2

undoped GaAs, a S@ layer, and a 3000-A cap layer of

undoped GaAs. The samples were mesa etched into standard 005 02 04 08 08 10 12 12

Hall bridges and then an Al gate electrode was deposited

- B/B
onto the cap layer by thermal evaporation. The measure- r
ments were performed in the temperature range 1.5-16 K at

magnetic fieldB up to 6 T. The discrete at low-field measure- =4.2 K for two gate voltages. Symbols are the experimental data.

_5 .
ments was X 10 T. The electron dgnsny was found_ Curves are the results of best fit by HG), carried out over the
from the Hall effect and from the Shubnikov—-de Haas 0scil-3nges 0-0.25, (dotted curvesand 0—0.8,, (solid curves. The

lations. These values coincide with an accuracy of 5% OVefitting parameters for the curves from the top to bottom are:

the entire gate-voltage range. @=08, 7,=0.87x10 ™ sec; a=0.70, 7,=1.0x10 ™ sec;
Varying the gate voltag&/, from +1.0 to —2.5 V we 4=0238, 7,=0.73x10°* sec; a=0.68, 7,=0.77x10 %

changed the electron density in quantum well from B™  sec. B,=5x103 T for Vy=0 V, B,=15x1072 T for

to 3.5 10" cm 2 and the conductivityr from 2.3x10°% v ,=-1.25 V.

FIG. 1. Conductivity changes versus magnetic field Tat
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FIG. 2. Conductivity(gate voltagedependences af, obtained FIG. 3. The temperature dependencesrpfat Vy=-1.8 V,
by fitting of the experimentah o-versusB curves by Eq(1) inthe ~ 0=0.53<10"° Q72 (solid triangle$ and Vg=+0.5 V, ¢=2.2
magnetic-field range 0-0.B5 (open symbols and 0-0.B,, x107% Q72 (open triangles The lines are results of calculation

(solid symbol3 for two temperatures. Solid lines are the theoreticaldescribed in text withry,= for V,=-1.8 V and 7,,=1.4
dependences given by EQ). The r,,,-versuse line is obtained as X 10 ™ sec forV,=+0.5 V.

described in text. Dotted lines arg=[(70") "'+ () ~*17 %
per centimeter squared. The straight line in Fign) 4epre-

exceed 20%. The value af is lower than unity and lies Sents this dependence obtained willd) as a fitting param-
within the intervala=0.6—0.8. This is result of the fact that eter andC=¢/(4md), whered=3000 A is the cap-layer

in the structure investigated the ratig, /7, is not low thickness,e=12.5. One can see that over the rangevgf
enough® 7p/7,~0.014-0.1. from —2.5t0—0.5 V the experimental data are close to the

Figure 2 shows the conductivity dependence pfor two ~ calculated dependence, wherea¥ @t —0.5 V the electron

temperatures. One can see that theversuse plot exhibits ~ density in the quantum well is less than the total density
the maximum: 7, increases with increasing conductivity _ Such a behavior can be understood from inspection of

while 0<1072 Q! and decreases at higher values. Fig. 5, which presents the energy diagram of the structure
Qualitatively this behavior is independent of the fitting investigated for two gate voltages. Self-consistent calculation

range. The maximum is more pronounced at lower temperaShows that avq<—0.5 V there are only the states located
ture. in the quantum well(upper panels At Vy>—-0.5 V the

Nonmonotonic conductivity dependence of is in con-  States located in thé layer appeatlower panels However,
flict with the theoretical prediction. In two-dimensior(@D) it should be borne in mind that the strong potential fluctua-
Systems the main phase breaking mechanism at low temperﬁons in thed |ayer leads to formation of the tail in denSlty of

ture is inelasticity of the electron-electron interaction and thehese states. At low electron density in théayer, when the
phase breaking time has to increase monotonica”y Wlf.lh Fermi level lies within the tall, the electrons are localized in

potential fluctuations and thus do not contribute to the struc-
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As is seen from Fig. 2 the conductivity dependence of
is close to the theoretical one only when<(1.0-1.2)

x 102 Q1 but significantly deviates for higher. In ad-
dition, the increase aof leads to changing in the temperature
dependence ofr, (see Fig. 3 When 0=(0.2-1.2)
x107* Q7! the temperature dependencemyfis close to
T~ predicted theoretically. At higheo, the T,-VersusT
plot shows the saturation at low temperature.

To interpret the experimental temperature and conductiv-
ity dependences of,,, let us first analyze the variation of
electron density in the quantum wellwith the gate voltage FIG. 4. The experimental gate voltage dependences of the elec-
[see Fig. 4a)]. The total electron density, in a gated struc-  tron density in quantum-wella) and structure conductivityb) at
ture has to be given by the simple expressiofV) T=4.2 K (symbol3. The straight line in(@) is the calculated total
=n(0)+V4Cl/|e|, whereC is the gate-2D channel capacity electron density witm(0)=8.4x 10" cm™2.

n (10""cm?®)
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100 \/ V=2V ers appear therein\(>—0.5 V). Thus an additional
mechanism of phase breaking for electrons in the quantum
50 gt well arises when th& layer is being populated.
7\ One of such mechanisms can be associated with tunnel-
S — ing. Indeed, appearance of electrons in thdéayer means
E, arising of empty states at the Fermi energy therein, and, as
w sequence, tunneling of electrons between the quantum well
and theé layer. In this case, an electron moving over closed
paths(just they determine the interference quantum correc-
tion) spend some time within th& layer. Due to low value of
local conductivity in thed layer, the electron fast loses the
S0 phase memory thereifStrictly speaking, the phase breaking
mechanisms in doped layers, where electrons occupy the
states in the tail of density of states, are the subject of addi-
g tional study, but it seems no wonder that dephasing in these
layers occurs faster than in quantum welf the phase
, , A ‘ , , breaking time in thed layer is much shorter than both the
28 80 82 34 38 density o states tunneling timer,,,, and the phase breaking time in the quan-
2(1000 A) tum well 73", the effective phase breaking time will be
given by the simple expression

energy (meV)
(=]

50k

100 | Vg=0 A

energy (meV)
(=]

w.,(zy

S50F

FIG. 5. The calculated energy diagrdtaft panelg and sketch
for density of electron statg®ther panelsfor the structure inves-

tigated at two gate voltage¥,=—2.0 and 0 V. The energy levels i: i n i 3)
of size quantizatiorE; and corresponding wave functions squared Te TgW Teun

|¥,(2)|? are presented also. The distarcés measured from the

gate. The height of the Schottky barrier was taken to be equal to | gt g analyze our experimental results from this point of
700 meV /4=0). view. We can find the gate voltage dependence,gf and
thus the conductivity one from E@3) using Tg‘” calculated
ture conductivity. The absence of both magnetic-field depenfrom Eq. (2) and the experimental values aof, for T
dence of the Hall coefficient and positive magnetoresistance-1.5 K. The results presented by a dashed line in Fig. 2
in a wide range of magnetic field shows that this situationyere obtained withr, determined from the fitting within the
occurs in our structures whilen(—n)<10" cm™2. magnetic field range 0—0B5, . It is seen thatr,,, sharply
Now we are in position to put together the gate voltagedecreases when the conductivity increases. Such a behavior
dependences of the phase breaking time and those of the transparent. The tunneling rate is proportional to the tun-
electron density in thes layer. Figure 6 shows the ratio neling probability summed over the all final states with the
Tg‘/fq, as a function ofV,, where r;“(vg) has been found same energy and thus to the density of final states. In our
from Eq. (2) with the use of experimentat-versusV, de-  case the final states are the states in the tail of the density of
pendence presented in Figbd It is clearly seen that the states of thes layer, therefore their density at the Fermi
experimental values of,, are close to theoretical ones, i.e., energy increases whevy, increasegsee Fig. $. In addition,
TEPh/ 7,=1, when there are no electrons in thelayer (Vy  the barrier transparency increases as well. Both effects lead
<-0.5 V), and become to be significantly less when carri-to a sharp decrease of,, with V.
Since the tunneling is a temperature-independent process,
o Eq. (3) with the 7, ,-versusV, dependence found above has
.4 -® to describe the experimental gate voltage dependenag of
= ) for any temperatures. Really, as is seen from Fig. 2, the re-
i sults forT=4.2 K are very close to the calculated curve.
The tunneling has to change the temperature dependence
of 7, also. BecausergW increases with the temperature de-
] crease a3 !, the effective phase breaking time has to satu-
. rate at low temperature. In Fig. 3 the temperature depen-
. dences ofr, found from Eq.(3) with 7" calculated from

'S

N

P
Eq. (2) and 7, determined above are presented. Good

agreement between the calculated and experimental results

3 > A 0 1 shows that this model naturally describes the low-

v (V) temperature saturation of, .

To realize whether the tunneling is important in our struc-
FIG. 6. The gate voltage dependences of the rafflor, for T tures, itis necessary to calculate the tunneling time. Its value

=1.5 K (a) and difference between the total electron density andiS strongly determined not only by trecomponent of the

density of electrons in the quantum wét). wave functionsV (z) (Fig. 5, but by the mechanisms chang-

1" -2,
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ing the in-plane quasimomentuk) at the tunneling. They It is worth noting that thes- or modulation-doped layers
are interaction with impurity potential, roughness of theare arranged in all the heterostructures suitable for transport
quantum well boundaries, and so on. Therefore it is a commeasurements, to create the carriers in the quantum well.
plicated problem to find the realistic value af,,. Itis easy = Two mechanisms discussed above differently depend on the
to estimater,, in two opposite cases. K is conserved, parameters of heterostructures, first of all, on the spacer
there is no tunneling because the states in the quantum weflidth and band offset. The role of the tunneling can be domi-
and theé layer with a given energy have differekit. Inthe  pant in structures with thin enough spacer, whereas the in-
opposite case, wheky is not conserved completely, the es- g|asticity of Coulomb interaction with carriers in the doped
timations giver,, at about 2¢10" **sec atVy=0. Thus the |ayer can be more efficient in structures with a thick spacer.
rough estimation shows that the tunneling can really be effiTnese mechanisms can be important for the phase breaking,

cient in the structure mve_stlgat_ed_ . even though the doped layers do not contribute to the con-
Thus, taking into consideration the electron tunneling be'ductivity

tween the quantum well and thlayer, we have explained In conclusion, the study of weak localization in gated

g?;r;kti?\eg %?;Z voltage and temperature dependences of phas%?uctures shows that appearance of carriers in the doped

layer leads to a decrease of the phase breaking time and a

Another possible mechanism of the phase breaking for theh i th ductivit dt tre d d f
systems where carriers occur not only in the quantum well ighange in the conductivity and temperature dependences o

their interaction with carriers in the doped layer. Inelasticity "¢

of this interaction can be of importance. ngh efﬁCiency of This work was Supported in part by the RFBR through
such interaction can be the result of the exciting of localgrant Nos. 00-02-16215, 01-02-06471, and 01-02-17003, the
plasmon modes id layers, for example. We are not aware of programUniversity of Russiahrough Grant Nos. 990409
papers where the inelasticity of the interaction between elecsq 990425, the CRDF through Grant No. REC-005, and the

trons in the quantum well and in the doped layer was takefk ssian PrograrPhysics of Solid State Nanostructures
into account.
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