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ELECTRON PARAMAGNETIC RESONANCE OF THE SHALLOW Si
DONOR IN INDIRECT GaAs/Al,Gaq._,As HETEROSTRUCTURES

W. Wilkening and U. Kaufmann

.Fraunhofer-Institut flir Angewandte Festkdrperphysik
Tullastrasse 72, D-7800 Freiburg, FRG

ABSTRACT

ort electron paramagnetic resonance (EPR) results for the shallow effective mass ground state 1s(T,) of
lonor associated with the X valleys in indirect (x > 0.4) Al Ga;_As:Si layers grown on GaAs. EPR data
n thermal equilibrium confirm definitely that the heteroepitaxial strain splits the three X valleys such that
alley lies above the X_-and Xy valleys. An independent valley model perfectly accounts for the symmetry
ties of the donor resonance over the full indirect gap range of the alloy without inclusion of spin-valley
tion. This unexpected result is attributed to local, random in-plane strains which quench the first order
alley splitting. Photo EPR and low temperature annealing studies of the photo-enhanced shallow donor
rovide also information on the deep DX state of Si. In particular the data confirm the increase of the DX
barrier height with increasing Al content within the indirect alloy range.

)

a; As the Si donor creates both a shallow and a deep level. The deep, highly localized state is called DX
- DX is the lowest lying donor level over a wide composition range. In contrast, the shallow, hydrogenic
duces a shallow level 40-70 meV below the conduction band edge [2]. In indirect Al Gay As (x>04) it
om the X conduction band minima. Performing EPR we usc this hydrogenic state of the Si donor to
:‘lsymmetry properties of the X valleys in strained Al Ga; As. The EPR data demonstrate that the
train produced by the small residual lattice mismatch [3] splits the X valleys such that the X, valley (z.
growth axis) is higher in energy than X, and X [4]. This result is obtained under thermal equilibrium
s.for the first time. It confirms previous ODMR interpretations [5,6]. An independent valley model
ccounts for the symmetry properties of the donor resonance. This unexpected result is attributed to the
of random in-plane strains which suppress the first order spin-valley splitting.

the shallow donor EPR when combined with optical excitation and low temperature annealing
ormation about the properties of the DX level. Electron capture into this level is thermally activated
ate figure 1. The EPR data show that within the indirect alloy range the capture barrier height increases
ing AlAs mole fraction x.
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enhancement of the shallow donor EPR, process Figure 2. EPR spectra of the shallow Si donos
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EXPERIMENTAL

We investigated two samples. Both were grown by metal-organic vapor phase epitaxy on (001) oriented undop
semi-insulating GaAs. The layers were doped with Si to a level of 2-1018 em™3. Sample 1 had an AlAs mo
fraction of x = 0.41 and a thickness of 11 zm. The corresponding values for sample 2 were x = 0.6 and 2.5 ym,
1 ym thick undoped AL Ga;_ As buffer layer separated the doped layers from the substrate. '

RESULTS

Figure 2 shows 9.5 GHz EPR spectra of sample 2 taken in the dark. Both spectra were taken for orientations
the magpetic field H perpend{cular to the growth direction. At an orientation of H along [110] we observe a sin
donor line at g = 1.940 + 0.003. For H along [100] the line is split into two components of equal intensity.
relative intensities did not chan;'ge over the full temperature range that allowed detection of these two lines.
2K to 25 K. Figure 3 shows the full angular dependence of the two lines when rotating H in the (001) plan
observe two branches, each with a 180 degree periodicity. Both are equivalent cxccpi for a 90 degree phase shif
Taken together this reveals a fourfold symmetry around the [001] axis.

For sample 1 the Si donor resonance does not split but remains centered at g= 1.936 + 0.004 when H is I’Qt
in the (001) plane. The linewidth, however, is broadened from 6.0 mT for H // [110] to 7.0 mT for H./
which indicates an unresolved splitting.

To study the low temperature annealing behavior of the shallow donor EPR we first enhanced the signal
as decribed in ref. [8] and then heated the layer to temperatures between 40 K and 140 K. These an
temperatures were hold constant within 2 X for 12 minutes. Eventually we cooled the layers to 5 K and fina
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s fitting parameters,

ed the EPR spectrum. Figure 4 depicts the relative signal intensities as a function of annealing
ratures. The temperature range where the signal decays from its photo-enhanced value to the dark value
ds strongly on x. Defining an annealing temperature T '4 as shown in figure 4 one finds T A Values of (78
and (111 * 3) K for x = 0.41 and x = 0.60, respectively.

riented undoped
d an AlAs mole

.6 and 2.5 ym. A rect AlGaAs the conduction band minimum is at the X point of the Brillouin zone. A shallow donor 1s

state derives from each of the three X valleys, Xy X, and X . These are degenerate in cubic symmetry.
igin of the proper coordinate system is fixed by the Si impurity which occupies a group III site at the doping
of our samples. Therefore each X valley transforms as the irreducible representation X of the wavevector
group Dy . This band symmetry X4 induces the bound state representation T, of the point group T4 [9,10].
alley triplet in cubic symmetry is split by a tetragonal strain , 59322, into a valley doublet I's(X,X ) and a

or orientations of inglet I'y(X,), see figure 5, the irreducible representations of D, q being labelled according to ref. [11],

s observe a single

i i e . . e -,
1al intensity. Th - rvation that the shallow donor resonance splits under thermal equilibrium conditions, see figures 2 and

se two lines fr es that the 1s state deriving from the valley doublet, I'<(X_,X.), is thermally occupied. For a rotation in the
001) planc. W : ISR A 2 2

( )ﬁ shit lane one expects for these two states two anisotropic lines with g factors varying as g =g cos”0 +

:gree phase

0 with a relative phase shift of 90 degree if X und X are decoupled. Here, gy and g, are the single valley g
‘and § is the angle between the [100] crystal axis and the magnetic field for X . The resulting fourfold
try is exactly what we observe. If the 1s singlet deriving from X, were occupied one would expect a single
ic resonance which we do not detect from 2 K to 25 K. Therefore, X, is thermally depopulated at these
ures and is raised in energy more than 3 meV above the ground state.

tor assigﬁments given in figures 2 and 3 now follow from a comparison of these figures with the angular
ence in our previous work [8]. One obtains g = 1917 £ 0.004, g; = 1.947 + 0.004 for x = 0.41 and 8
0.003, g, = 1.966 = 0.003-for x = 0.60.
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|

The single valley g factors gy and g,, in first order,
are equal to the free electon g factor, g,
Theoretical expressions including second order
corrections are available [12]. If only spin-orbit
coupling between the X5 conduction band and the
uppermost valence band at X is condsidered they

' We now proce
fiquid helium
pX level. The
0 OUr Previous

X3{3x)

fectron from ¢
Jectron remair

simplify to
plify Ep xcitation light
o 1s{f)  1s(F) 1Tz) 1+1f2
8= 8, - Ay/Ep(me/m - 1) ® ) : ) k equilibriuz
g = & - o/ Bn(me/my - 1) @ ~ tain 2-1018¢

{12, 1Toy) 1£7)

where my, m are the longitudinal and transverse 1 Jis suffio
effective masses of the X conduction band, 4, is Ts() | mergy 18 Sutich
the spin-orbit splitting of the uppermost valence (1), 1T 1€y tion of the E
band and E, is the energy gap at X. All four :
parameters are known from ' -independent

experiments as a function of alloy composition 8Y7 MRS ‘(Izg'ﬁn) at:ﬁg energ
{13,14] and it is possible to plot g and g as a Ty D2q D2q e Oth Ir; auir
function of x. While g; drops nearly linearly from = : e © .PR ‘

1 ’ (a) {b) ; lative activatio
194 at x = 04 to =192 at x = 1.0, g is almost
constant at 2.00. Thus, eq‘uatlon 1 for g Figure 5. Splitting of the 1s(T,) state of a group
reasonably reproduces the experimental values for IIT site donor tied to the three X5 minima
x = 0.4 and x = 0.6, see above, and for x = 1.0 indirect AlGaAs due to a) heterdepitaxial uniaxial
[5,15]. In particular it predicts the decrease n g strain along the [001] growth direction b) sp
with increasing x. On the other hand the valley interaction, neglecting random in-plane:  the curves
expression for g reasonably accounts for the type strains c) in-plane €-type strains larger th

the spin-valley splitting A.

measured g of AlAs [5,15], but does not predict
the increase from g, = 1947 at x = 04 to g
= 1.99 at x = 1.0, It appears that this failure is due
to intervalley mixing of the T(X) donor ground state with the To(L) donor state, see also ref. [16]. This mixing
should be small for AlAs where the X-L separation is about 200 meV but will become significant for x = 0.4 whe
the X and L conduction band minima are nearly degenerate. In this case g is not simply g,(X), but contains al
contributions from gi(L). Since gy(L) < 2 [12] g, values near 1.95 seem plausible for x=0.4.

The fact that the donor resonance can be understood in an independent valley model is not obvious at first si
since spin-valley (sv) coupling, A£-8, is expected to split the ls(TS) donor ground state into sv states havin
and Ty symmetry, see figure 5. For the samples studied here one estimates that |A] =1 e’ [10] which
considerably larger than the Zeeman splitting of 0.3 enn”Lin our experiment. In this case both I'6 and I'7 have
=( (H perpendicular to [001]) in obvicus contradiction with experiment. Therefore the sv interaction
quenched. This quenching can not be accidental since the results presented here together with those reported
AlAs [5,15] show that sv interaction effects are negligible over the full indirect alloy range and this must w Si donor g
more fundamental origin. ’

nched. This
annealing

We attribute the quenching of the sv interaction to the presence of local, random in-plane strains of the
Dx‘Capture ba

3¢ 2-S€n2) which override the first order sv splitting leading to purely spin degenerate states, sce th
figure 5, for which g; and g, are the appropriate g factors. These €-type strains lower the local symme
donor atom to any subgroup of Dy . The global symmetry, however, remains tetragonal because of th
distribution of €. This distribution of € with both positive and negative values gives equal probabilities I
and |T,y) to be the ground state for each particular Si donor. For the alloy, a natural origin of € -type

alloy disorder. However, the case of AlAs:Si suggests that conventional random €-type strains are also k T.F. Ku
A reasonable guess for the order of magnitude is € ~ 10 cm™L which fullfills the assumptions,
€ << &, made to explain the data presented. ’
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¢ now proceed to discuss the annealing results presented in figure 4. When the samples are slowly cooled to
uid helium temperatures in the dark a free electron can be captured into both the shallow Si donor level or the
evel. The relative equilibrium occupation can now be changed by optical excitation of the samples. According
ur previous interpretation [8] the photo-enhancement of the shallow donor EPR is due to the transfer of an
ron from the DX level into an empty shallow donor level, see process a) in figure 1. At low temperatures the
ron remains captured in the shallow level. Therefore the photo-enhanced part of the signal is stable when the
ation light is switched off. However, if the temperature is raised thermal retransfer of the electron into the
X level will occur, see process b) in figure 1, and the shallow donor EPR intensity will finally drop to the
uilibrium value. This model is used to analyse the annealing data shown in figure 4. Since our samples
2-10"%ecm™ Si donors the DX level can be assumed to be the dominant deep level in the material. In this
(T, IToyy) 1£12) practically all electrons thermally released from the shallow donor level are trapped at the DX level if their

2¢ 2 gy is sufficient to overcome the DX capture barrier. Therefore the temperature range in which the enhanced

e )ITl o on of the EPR signal decays is directly related to the DX barrier height E_. In that range thermal retransfer
Y1120 T)

1Tyz) 1+1)2)

one. Thus the decay of the EPR signal, AI/At, occurs at a rate proportional to exp(E, /kT) where the
on energy E, is given by E, = E_ + Ep, Ep, being the shallow donor binding energy. Determination of
d require measurements of the decay rate as a function of temperature. Unfortunately this is not possible
he EPR signal is not observable at the temperatures where it decays. However, we can determine the
activation energies of the two samples in figure 4. At the annealing temperatures T A We can write

e(tg-2y)

random in-plane-
strains

{c)

@/a0041  PE/KTp)g 41 3)
(81/8t) o exp(E,/KTp)g 60 '

state of a group
X3 minima in
spitaxial umamal ;
rection b) spin-
lom in-plane

curves in figure 4 one infers that the left hand side of equation 3 is close to unity which leads to the
ximate relation

E,(0.41) T, (041)

- A @
E,(0.60) T , (0.60)

T, values quoted before we get E ,(0.41)/E _(0.60) = 0.71 + 0.03. Since Epy =40 meV for both x values
ture barrier height E, must increase with increasing x in the indirect alloy range. This provides
ent confirmation of prewous DLTS measurements [7] which gave E (0.4) = 230 meV and E -(0.6) =300
E, ratio calculated with these values is 0.79 £ 0.07, in remarkable agreement with the value inferred

sion, we presented experimental evidence that strains severely modify the electronic structure of the
 donor ground state in indirect GaAs/AlGaAs layers. Heteroepitaxial uniaxial strain raises the X, valley
 the X, and X valleys. For the 1s(I'5) Si donor ground states tied to this valley doublet the sv sphttmg
ed. This unexpected observation is explained by the presence of local; random in-plain strains. A
caling study of the photo-enhanced shallow donor EPR demonstrates that in the indirect alloy range
pture barrier height increases with increasing Al content.
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electrons from DX to the shallow level is negligible since the DX level is considerably deeper than the




16)

402 WILKENING and KAUFMANN ‘
Materials Scie
————— Copyright T:
REFERENCES
1) Mooney, P.M.: J. Appl. Phys., 1990, 67, R1
2) Mizuta, M., and Mori, K.: Phys. Rev. B, 1988, 37, 1043
3) Logothetidis, S., Cardona, M., Tapfer, L., and Bauser, E.: J. Appl. Phys., 1989, 66 (5), 2108
‘4) Drummond, T.J., Jones, E.D., Hjalmarson, H.P., and Doyle, B.L.: Proceedings of the Conference on the
Growth of Compound Semiconductors, 1987, Vol. 796 of SPIE Proceedings (International Society of
Photo-Optical Instumentation Engineers, Bellingham, WA), 2
5) Glaser, E., Kennedy, T.A., Sillmon, R.S., and Spencer, M.G.: Phys. Rev. B, 1989, 40, 3447 {
6) Kennedy, T.A., Glaser, E.R., Molnar, B., and Spencer, M.G.: Proceedings of the Int. Conf. on "The
Science and Technology of Defect Control in Semiconductors” (17.-22. September 1989,
'Yokohama, Japan), in press
7) Mooney, P.M., Caswell, N.S., and Wright, S.L.: J. Appl. Phys., 1987, 62, 4786
8) Mooney, P.M., Wilkening, W.,and Kaufmann, U., Kuech, T.F.: Phys. Rev. B, 1989, 39, 5554
9)  Morgan, T.N.: Phys. Rev. B, 1986, 34, 2664
10)  Kaufmann, U.,Wilkening, W., Mooney, P.M., and Kuech, T.F.: Phys. Rev. B, 1990, 41, 10206
11)  Koster, G.F.,, Dimmock, J.O., Wheeler, R.G., and Statz, H.: Properties of the thirty-two point groups,
M.LT.press, Cambridge, Mass., 1963
12)  Roth, LM.: Phys. Rev., 1960, 118, 1534
13)  Adachi, S: J. Appl. Phys., 1985, 58, R1
14)  Logothetidis, S., Alouani, M., Garriga, M., and Cardona, M.: Phys. Rev. B, 1990, 41, 2959
15)  vanKesteren, HW., Cosman, E.C., Dawson, P., Moore, K.J., and Foxon, C.T.: Phys. Rev. B, 1989, 39,

13426
Montie, E.A. , Henning, J.CM. ,and Cosman, E.C.: Phys. Rev. B, in press




