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Direct Observation of the Hubbard Gap in a Semiconductor
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The transformation of the ground state of Cu acceptors in uniaxially stressed Ge fraisthéo
the (15)%(2s)! configuration results in a unique system in which a highly delocalized hole wave function
corresponds to a relatively deep electronic state. This leads to electronic conduction via an isolated
impurity band within the Ge band gap. By changing the Cu concentration we observe an evolution
of the Hubbard gap for th@s state from the full gap 08.7 meV at3 X 10'* cm™3 to zero gap at
1.6 X 10' cm™3, in good agreement with our calculations. [S0031-9007(97)03085-8]

PACS numbers: 71.30.+h, 71.55.Cn, 72.80.Cw

Understanding the phenomena associated with a transls states of the copper triple acceptors form Hubbard bands
tion from localized atomlike to extended metal-like elec-well separated from the valence band, providing a unique
tronic states in solid-state systems has been one of the mastd simple model system to study phenomena associated
difficult and extensively studied problems in condensedvith the evolution of impurity-related electronic states
matter physics [1,2]. With an unmatched control of thefrom a localized atomlike to extended metal-like character.
concentration of electrically active impurities, intention- The samples in this study were prepared by copper
ally doped semiconductors are excellent model systemdiffusion into Ge single crystal wafers. Copper was
that have been the focus of numerous studies concerngd sputtered on the surfaces of Ge wafers that were
with fundamental electronic transport processes includingndividually sealed in quartz ampoules (under a vacuum or
hopping conduction [3] and the metal-insulator transitiona helium atmosphere), annealed between 650 and@10
(MIT) [4-6]. Thus far most of these studies have beerfor 24 hours, and finally quenched in ethylene glycol. The
limited to shallow hydrogenic dopants with relatively large concentration of copper acceptors is essentially controlled
ground-state Bohr radii. Attempts to observe such effectby the annealing temperature. With this procedure we
on deep, highly localized impurity states have not beerhave obtained samples with copper acceptor concentrations
successful since the critical concentrations for the MIT arganging from3 X 10'“ to 1.6 X 10' cm™3. The wafers
beyond the impurity solubility limits [7]. were cut to produce & X 1 X 5 mn? final geometry for

Although the literature on the transport properties ofeach sample. All resulting surfaces wedé1) oriented.
doped semiconductors at and above the MIT is extensive, Infrared spectroscopy, electrical resistivity, and Hall
much less is known about electronic transport in the insueffect measurements were performed on the samples.
lating region below the MIT for which thermally activated The hole concentration as a function of temperature was
transport has been predicted [8,9]. In the limit of noninter-obtained for a modified Hall-bar sample geometry with
acting impurities, the activation energy equals the so a magnetic induction of 3 kG [16]. Resistivity mea-
called “Hubbard gapU which corresponds to the energy surements were performed with the same system but
difference between the neutral and the overcharged impwithout an applied magnetic induction. Uniaxial stress
rity state. At higher concentrations the gap is reducedvas applied parallel to the long axis of the bar-shaped
by level broadening due to the interaction between adsamples using a leaf-spring/piston apparatus. A far
jacent impurity sites [1,9]. For shallow impurities with infrared Fourier transform spectrometer was used to
1s-like ground statedy/ is very close to the impurity bind- measure the low-temperature photoconductive response of
ing energyEp [10,11]. The gap can be seen only closethe samples as a function of photon energy [17,18].
to the MIT when it is reduced by interimpurity broaden- The temperature dependence of the resistivity for two
ing [5,12,13]. Such broadening, however, reduces the imGe:Cu single crystals with and without stress is shown
purity binding energy, as well. Consequently, whether in Fig. 1. The magnitude of the applied stress is es-
charge transport occurs in the upper Hubbard impurityimated from infrared spectroscopy measurements to be
band or in the conduction (valence) band remains an opeait least 4 kbar, i.e., the pressure above which the cop-
question [1,14,15]. Moreover, the significant contributionper ground state transforms. Both samples were annealed
from hopping conduction with an activation energyadds at 700°C; however, prior to the thermal treatment one
much complexity to the theoretical treatment of chargecrystal wasn type with a shallow donor concentration of
transport in this regime and makes a reliable determina4 x 10'' cm™3 (squares) while the other wastype with
tion of , rather difficult [13]. a Ga acceptor concentration ®fx 103 cm™3 (circles).

In this Letter we show that all these complications areAt zero stress the resistivity of the sample withratype
eliminated in uniaxially stressed Ge:Cu. We find that thebackground is increasing very rapidly with decreasing
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at high stresg>4 kban for samples whose parameters
are listed in Table I. The hole concentration exhibits an
Arrhenius behavior with an activation energy decreasing
from 3.7 to 0 meV for the samples having Cu concen-

. 10* :/ \ o trations betweerd X 10 and 1.6 X 10 cm™3. A re-
§ 3 u ¢ markable feature of the data is that we could measure the
S 10 hole concentration over a copper concentration range ex-
2 102 u 0 tending almost 2 orders of magnitude. This is possible
= n %Eb because of the samples’ high mobilities [Fig. 2(b)] char-
‘g 10! .- ¢ acteristic of band rather than hopping conduction. In the
o past the onset of hopping conduction has severely lim-
10°% ited the concentration range over which measurements of
‘, the Hall effect are possible. Consequently, in the analysis
101 high stress
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FIG. 1. Temperature dependence of the resistivity for two @E ]
samples of different shallow dopant background and similar N N
Ncy. The squares and circles refer to samples 2 and 3 in g E
Table I, respectively. g .
5 .
= E
temperature due to the “freeze-out” of holes onto the § ]
43 meV copper acceptor level. In the sample witlype S =
background doping, the initial freeze-out onto the copper 2 3
level is followed by a freeze-out of holes onto the shallow £ _
acceptor level resulting in a lower resistivity at a given 3
temperature. 11 Lovalenilyy |...|...1x..|...:
Application of uniaxial stress produces a drastic de- 107 P
crease in the resistivity. Surprisingly we find that the 100 140 180 220 260
high stress resistance is very similar for both samples, in- 1
dicating that compensation effects and thus also hopping 1000/T (K™)
conduction do not play a prominent role in the electronic 107 £ : : —
behavior observed for these samples down to liquid helium E
temperatures. Separate two point resistivity measurements - (b)
have shown that the application of stress can produce a re- 10° &
sistivity decrease by as much as 12 orders of magnitude at 7 E
42 K[17]. > [ 9000° mece s
Figures 2(a) and 2(b) show the hole concentration and g 10° &
hole mobility, respectively, as functions of temperature g E
é‘ Jfum anﬂlﬁiﬁ
TABLE |I. Dopant profile of samples.N¢, is the substitu- S 10 g_ 8
tional copper concentration. The third column refers to the = o 8 8 8
net shallow dopant concentration. In the case of sample 2, the - @
shallow donor concentration is higher than that of shallow ac- 10° = 8
ceptors (indicated by the+" sign). The fourth column shows F
the activation energy determined from the Hall-effect measure- C
ments at low temperaturéd < 10 K). 102 g . \ L
Ncu Na — Np)shallow Ener a
Sample (cm?) Wa (Cm93))h‘1 (m%3</)§1 P 4 5 '1?(1()7 8 9 10
1 3.0 X 10" 2 X 10" 3.7
2 3.0 X 10" —4 % 101 3.1 FIG. 2. Hole concentration and Hall mobility of uniaxially
3 55 % 1015 3 X 1013 2.7 stressed samples. The filled circles and squares refer to samples
4 1.6 X 106 3 % 1013 0 1 and 2, respectively, while the clear squares and circles refer
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of activated transport below the MIT, one has relied oncorresponding binding energlp is 7 meV [20]. It is

temperature dependent resistivity measurements and tleeident from Eq. (1) that for a Li atom with = 4.03,

assumption of a constant (i.e., temperature independent) = 3.19, andu = 0.67 the asymptotic behavior at large

mobility when determining:, ,, ande;. However, such distances is governed by the first term in the square

an assumption need not be valid. brackets. Using the wave function given by (1), we have
In order to exclude the possibility that the zero gapcalculated with Eq. (2) the Hubbard ener@y which is

observed in the heavily doped sample results from théhe energy required to place a second hole or2thstate,

merging of the impurity band with the valence band, we o2

have measured the far infrared photoconductivity response U= ]] dridry|us(r) > —luss()*. (2)

in this sample. We find a response threshold at 16 meV er

which corresponds to the excitation from the Fermi energyrhe  integration yields U = EzF°(2s,2s) where

in the impurity band to the valence band. Similar resultsF0(2¢, 25) = wD and D depends on the parametets

have been previously reported for samples with a coppeinds only [19].

concentration oB X 10'> cm™ [17,18]. Therefore, we  The energyU represents the full Hubbard gap that

conclude that the measured low-temperature electricalhould be observed at low concentrations when the over-

properties are entirely determined by hole transport withinap of the wave functions at adjacent sites is small. The

a copper-related impurity band that is well isolated fromoyerlap increases with increasing concentration resulting

the valence band. Despite intense efforts such clegp a reduction of the gap [9]. To evaluate this effect the

evidence for the existence of an isolated impurity band hagverlap energyl between wave functions located in im-

never been found for semiconductors doped with shallovpurity sitesi and j separated by a distande has been

impurities [1,14,15]. calculated using
Our results can be explained within the framework of ‘
impurity band conduction arising from the extended nature I = [ drués(r)Huéx(l‘), 3)

of the high-pressurél s)?(2s)! configuration of the copper

acceptors. Uniaxial stress breaks the fourfold degeneragyhere H is the Hamiltonian for a hole interacting with
of the valence-band edge and splits the acceptor lowesites; and j. The integration can be analytically per-
one-particle level into two, doubly degenerate levels. Informed by methods outlined in Ref. [21] and yielfls=

the case of the copper triple acceptor, we have previously,EzS(w) wherew = uR/ag. for dilute systems with
shown that at sufficiently high stresses4 kban, the2s  w > 1 the overlap function can be approximated by
one-particle level associated with the lowler split level eI 11 w3

crosses the higher energy level transforming the copper S(w) = —[— wh— — —w— 1] (€]
ground state from a pseudo%.{1s)3-like to a normal LP, 3 160 3

(1s)*(2s)'-like configuration having a stress insensitive Finally, the total broadening is obtained by a summation
first ionization potential [18]. Experimentally this ground- over all randomly distributed copper sites of concentration
state transformation is manifested as a pressure-induced-,

shift in the photoionization energy from a zero-stress value an\3 [

of 43.2 meV to a nearly constant value of 17 meV above T = 4WNCUMEB<f> f dw w?S(w). (5)

4 kbar. 0

The pressure-induced transformation is associated witfh a simple approximation the energy gapis given by
a large redistribution of the hole density around Cu sitesA = ¢ — 7. After substituting the numerical values for

The large highly localized density of the three holes on the, and » into U and numerically integrating Eq. (5), we
1s orbital is transformed into two still highly localizetd  find that
holes and one much more delocalized hole or2therbit. _ 3
At high stresses where Cu acceptors are in the normal A = uEp[049 — 352Nculas/ )] (6)
Li-like (1s)?(2s)! configuration, the radial dependence for The gap depends in a simple manner on the Cu con-
the 2s wave function is that of a Li atom which is given centration and on the parametar which is a measure

by [19] of the extent of the hole wave function. For a perfect
5/ wr 3A whr lithiumlike impurity having no gent_ral-cell correction
ur(r) = Cu’'*| rex ") T\ . ex it (u = 0.67), the effective Bohr radius i3az, or 19.2 nm,

and the binding energy equals4Eg, or 2.8 meV. The
(1) central-cell correction raises the binding energy to the
where a, b, and p are the variation parameterd, =  experimentally observed value 17 meV [18] and is taken
(a + b)*/(a + 1)*, C is a normalization constant, anag into account in our calculations by the adjustment of the
is the hydrogenic Bohr radius. When a uniaxial stress oparameteru [22]. Whereas the binding energy depends
4 kbar is applied along &01) direction to a germanium strongly on the central cell, the ternis and 7 do not.
single crystal, the Bohr radiugz equals 6.4 nm and the Therefore by calculating using Eq. (6), we can roughly
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reproduce the concentration dependence of the energy gapThe authors thank K. Roderick and L. Hsu for their
with u = 1.3 (Fig. 3). The calculated/ is about 16% technical support. This research was supported in part
higher than the experimentally observed gap at ldw. by the Director, Office of Energy Research, Office of
This is not surprising, however, given the approximateBasic Energy Sciences, Materials Sciences Division of
nature of our calculation and since we have not includedhe U.S. Department of Energy, under Contract No. DE-
the electron-electron correlation effect in our calculationsAC03-76SF00098. O.D.D. acknowledges support from
of U. In the case of hydrogenic impurities, this effect isthe National Physical Science Consortium.
known to reducd’/ by about 24% [11].
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