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Effect of temperature on the electron distribution in illuminated heterostructures
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We solve the 1D Poisson equation for a model heterostructure containing photoexcitable donors
and derive solutions for different temperatures in the range 77-300 K. We consider a single-
interface GaAs/Al,Ga,_, As heterostructure having deep donors in both the Al,Ga,_,As supply
layer and in the GaAs buffer, but our approach is applicable to other configurations. The calcula-
tion accounts for photogenerated electrons arising from simulated DX centers in the Al,Ga,_,As
layer and from impurity donors in the GaAs buffer. Using realistic parameters in a quantitative cal-
culation applicable to steady illumination, we show how light affects the internal distribution of free
electrons among the active layers. The results give a transparent picture of the factors that control
the response of a unipolar heterostructure to light at different temperatures.

I. INTRODUCTION

High-electron-mobility transistors (HEMTs) based on
GaAs/Al,Ga,_,As heterostructures with typically
0.2<x =<0.4 are sensitive to light. This sensitivity
arises' ® from deep traps located primarily in the
Al Ga,_,As supply layer, although similar traps in the
GaAs buffer layer may also contribute.’ Illumination in-
creases the density of free electrons in the active layers by
photoionizing the deep traps. This modifies the macro-
scopic potential barriers in the structure, leading to a
redistribution of the total free charge among the active
layers. The internal potential barriers control the access
to the conduction channels for electrons passing between
source and drain,’ so these internal access resistances are
also affected by illumination.

Shining light on a HEMT produces a complicated set
of interacting internal changes. Experiments have shown
that they lead to various effects such as a shift in thresh-
old voltages,"* reversal of drain collapse,”* and, at low
enough temperatures, persistent photoeffects.>>~# Furth-
ermore, experiments using fixed levels of continuous il-
lumination'®!! show that the response of a typical supply
layer material to a given light intensity depends on tem-
perature; the response increases as temperature is re-
duced from room temperature. Recent experiments!?
confirm this behavior for a typical Al,Ga;_,As hetero-
structure.

The effects of illumination on the distribution of charge
in a structure have so far been described only qualitative-
ly.>®~® Here we take the description a step further quan-
titatively by incorporating photoexcitable traps into the
standard one-dimensional (1D) Poisson equation. We
concentrate on illustrating the effects of temperature on
the response to illumination. For the sake of illustration,
we consider a typical unipolar heterostructure and, using
realistic values for the parameters involved, calculate for
different temperatures the potential of the conduction-
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band edge in the structure in the dark or in steady il-
lumination. Although our approach is restricted to a 1D
view, it gives a graphical picture of the factors that con-
trol this structure’s response to light at different tempera-
tures; it is a first step toward a more quantitative under-
standing of the experimental effects mentioned above.

We give details of the model in Sec. II, and of the cal-
culation in Sec. III. In Sec. IV we show results for the
electron distribution in the dark and illuminated cases for
temperatures between 77-300 K. We give a brief sum-
mary of our conclusions in Sec. V.

II. MODEL HETEROSTRUCTURE

Figure 1 shows the model structure. We use a conven-
tional configuration with typical dimensions, but our
treatment could be applied to other configurations. We
assign to each layer an arbitrary density n, of shallow
donors, which are photoinert in this model. These shal-
low donors, which may represent doping in the cap and
supply layers, and unintentional impurities elsewhere, are
assumed to be in thermal equilibrium with the conduc-
tion bands. We also assign an arbitrary density n,; of
deep, photoexcitable donors to the supply and buffer lay-
ers. We find it convenient to imagine (Fig. 2) the
configuration of donors and conduction bands as in Saxe-
na,'® but the calculation is independent of the picture
adopted to interpret the activation energies involved.
For the sake of argument we choose E; so that
Er,=E—E;=0.01 eV in all layers (cf. p. 21 of Ref. 14).
But we choose different values of E; in the supply and
buffer layers such that at room temperature
E,,=E, —E;=0.44 eV in the Al, ;Ga, ;As layer, so that
the donor may represent3 a DX center, and E;;=0.80 eV
in the buffer, so that it may represent’ a typical deep
donor in GaAs.

To derive the carrier distribution in the structure we
need N,;T, the total density of ionized donors in the ith
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FIG. 1. Model heterostructure used in the calculations. The
density n; of shallow donors, and n, of deep, is given in cm .
Deep donors are photoexcitable; shallow ones are photoinert.
Deep donors are absent in the cap and spacer. We include a

spacer to be realistic, but it has no material effect on the results.

heterolayer. Then we can solve simultaneously the 1D
Poisson equation

2
b —(—q /e IN —n(x)] (1)
dx
and the Maxwell-Boltzmann approximation
n(x)=D;exp[B(¢+Ad;)] , (2)

_ where ¢(x) is the variation of the electrostatic potential
of the conduction band edge (referred to the Fermi level
u, of the conduction bands) in the direction x normal to
the heterointerface, n(x) 1is the electron density,
B=(1/kgT), and other terms have their usual mean-
ings."* For the ith layer, A¢; is the conduction-band-
edge difference, and D, is the effective mass density of
states of the conduction band, taking into account the
multivalley conduction.!® _

To get N,-+, and to account for illumination, we take
the following steps.'> For a general layer N;" =n; +n,
comprising n;" from the photoexcitable deep donors and
n," from the inert shallow ones. The density of ionized
deep donors is

ng
1+ggexp[Bu, —E,)]

where g, is the donor degeneracy and u, is the quasi-
Fermi level of the deep donors. Since the exponential
term can be expressed as the product

exp[BEr—E ) ]expl B, — ) lexp[Bu. —Ep)],

we can write Eq. (3) as

ng = , 3)

+o M4 )
A T
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FIG. 2. Relationship of the shallow donor of energy E;, and
the deep E,, to the conduction bands envisaged for the supply
or buffer layers in Fig. 1. The difference E —E; is set at 0.01
eV in all layers, and at room temperature E; —E, is set at 0.44
eV in the supply layer and 0.80 eV in the buffer. pu. is the
quasi-Fermi level of the conduction bands and the shallow
donor.

where z,=(g;/R)exp(BEr;), R =exp[B(n.—uny)], and
y=exp[ —B(Er—pu.)]. In terms of the electrostatic po-
tential of Eq. (2), y =exp[ —B(¢+A¢)]. We also have
corresponding to Eq. (4)

n

s
+ = , 5
s 1+zy )

where z, =g exp(BEr, ).

The effect of illumination is contained entirely in the
behavior of u,;. This we have written in terms of R,
which relates'® the separation of the quasi-Fermi levels in
the dark and in the light. It is convenient to go a step
further and write R in terms of 6¢,/c,, where 8¢, is the
increase produced in the emission coefficient of the donor
by a given level of steady illumination, and ¢, is the cap-
ture coefficient. One can show!® that R is related to the
fractional increase in the emission coefficient by
R =1+ (6¢,/€,) or

R=1+g,(5¢, /c,) . exp(BE,;) , (6)

where (8¢, /c, ), is the value of the illumination parame-
ter at a distance x below the illuminated surface, taking
into account optical absorption.

III. CALCULATION

We choose a value of (8¢€,/c, ), —( to represent the in-
tensity of the light incident on the top surface. Although
8¢, /c, is an arbitrary parameter, we know empirically'?
its approximate relationship to the equivalent photon flux
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at 660 nm, and we use this to ensure a realistic choice.
Throughout the paper we use either (8¢,/c,), —,=0 for
the “dark” condition, or 1X10~* for the “light.” The
latter corresponds to ~1.5X 10" photonss 'cm 2 at
660 nm.

Then for each layer we derive from standard empirical
relationships'’ ™% the band factors Ep, E;, Ey, the
effective density of states'® D,, and the band-edge
difference?! A¢,. We include for completeness the empir-
ical temperature dependences'”?° of the band parameters,
as explained in Sec. III (C) of Ref. 12. (This is a cosmetic
refinement, however, because the effect of these tempera-
ture dependences in the calculation is negligible com-
pared to that arising from B.) Since E; and E, (Fig. 2)
have assigned values (Sec. II), E;;, Er,, and E; can be
evaluated leading to R (x) and N;"(x). E, and E, are
defined with respect to Er. Thus Ep, and E; are in-
dependent of temperature, but E;, has the small'?> tem-
perature dependence of E; relative to E .

We put g; =g, =2 throughout, and use the same opti-
cal absorption coefficient for both GaAs and
Al 3Gag ;As. This is justified by the results of Aspnes

et al.?? who find, for example, that for an energy of 1.9
eV (~650 nm) the absorption coefficient is ~3.4X10*
cm ™! for GaAs and ~2.1X10* cm™! for Al ;,Gag ¢gAs.
It depends strongly on energy. If we use a coefficient of
order 10* cm™!, however, the effects of absorption are
imperceptible on the scale of the following figures. So for
the sake of illustrating the effects of temperature when
the absorption is appreciable, we use arbitrarily 5X 10°
cm™! throughout. (We have described elsewhere? the
effects of varying the absorption coefficient at a fixed tem-
perature.) To obtain n(x) and ¢(x)+ A¢d(x) we solve Egs.
(1) and (2) iteratively by Gummel’s method?* of first-
order linearization, using chosen boundary conditions.?
Details of this method are given in the Appendix.

IV. RESULTS FOR THE MODEL
HETEROSTRUCTURE

A. Effect of light at a fixed temperature

Before considering the effects of temperature on the il-
luminated structure, it is helpful to look first at the effects
of light at a fixed temperature. For the sake of argument,
we choose 77 K because the effects are more pronounced
there.

Figure 3 shows n(x) and ¢(x)+ A¢(x) of Eq. (2) in the
active layers when in the dark or the light. The
Al; 3Gag ;As layer in Fig. 1 is thick enough that is not to-
tally depleted, and n(x) in the dark has a broad max-
imum of ~4.7X10'” cm~? flanked by depletion regions,
each ~1.2X107% cm wide, and prominent peaks corre-
sponding to the charge trapped in the cap/Al, ;Gag ;As
and the Alj ;Ga, ;As/buffer interfaces. Illumination pho-
toionizes the deep donors in both the supply and buffer
layers, leading to a reduction in the widths of the de-
pletion regions to ~0.55X 107 % cm each, and to an in-
crease in the charge trapped in both interfaces. The max-
imum in n(x) in the supply layer is now asymmetrical
(Fig. 3) because of optical absorption, and reaches
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FIG. 3. Free-electron density # (x) and the potential energy
d(x)+ Ad(x), derived from Eq. (2), vs distance below the il-
luminated surface of the heterostructure of Fig. 1 at 77 K in the
“dark” (dashed lines) or “light” (solid lines) condition. Outside
the Al ;Gag,As layer the dashed curve differs little from the
solid one and is omitted for clarity. The sharp peaks in n(x) are
truncated by the range of the ordinate. The optical absorption
coefficient is 5X10° cm™!, and “light” corresponds to
~1.5X 10" photons s~ ! cm ™2 at 660 nm.

~3%10" cm ™3 close to the cap/Al, ;Ga, ;As interface,
where for these particular circumstances the illumination
is strong enough to ionize practically all the deep donors
in the supply layer. Changes in the interfacial charges
cannot be shown well on the scale of Fig. 3 and are omit-
ted for clarity, but we return to this point in Sec. IV B.
Figure 4 shows the donor contributions that constitute
the electron distributions n (x) of Fig. 3. In Fig. 4(a) we
reproduce the n (x) of Fig. 3 for comparison with the cor-
responding n; (x) and n,"(x) in Figs. 4(b) and 4(c), re-
spectively. In the dark the density of ionized deep donors
is effectively zero throughout the structure and n (x) then
just reflects n,*(x). In the illuminated case, the depletion
region in the Al ;Gay;As layer just under the cap ex-
tends from x=0.030 pm to ~0.035 pum, and
;7 =3X%10" cm™? there. For increasing x beyond the
depletion region, n (x) is at first close to 3X10'® cm ™3,
since the light ionizes practically all the deep donors
there, but it falls with increasing x due to the absorption.
This trend is reversed at x ~0.085 pum by the depletion of
the deep donors caused by the Al ;Gag ;As/buffer inter-
face, where again n;" reaches 3X10'® cm™3. Continuing
into the buffer, n; is first influenced by the
Aly 3Ga0 7As/buf’fer interface but then reaches ~6.3
X 10 cm ™3 at x =0.12 um.
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FIG. 4. Relationship of the densities of the ionized deep and
shallow donors to that of free electrons for the cases of Fig. 3:
(a) repeats n(x) of Fig. 3 for comparison with (b) the corre-
sponding n; (x) of Eq. (4), and (c) the n. (x) of Eq. (5). The
temperature is 77 K. The sharp peaks in (a) are truncated by
the range of the ordinate.

The effect of light on n,"(x) [Fig. 4(c)] follows from our
implicit assumption that the shallow donors are in
thermal equilibrium with the conduction bands. So when
photoexcited electrons are added to the conduction
bands, the shallow donors are filled correspondingly.
Hence the inverse relationship between the total free-
electron density of Fig. 4(a) and n," of Fig. 4(c).

B. Effect of light at different temperatures

The aim is to illustrate the experimental result'? that
the response to a steady illumination increases as temper-
ature is reduced from 300 K. Qualitatively, this is attri-
buted!® 131516 t5 the inhibition of recombination through
the deep donor at low temperatures. This leads to an in-
crease in the density of photoexcited electrons in the con-
duction bands. Here we imitate this result and show how
the distribution of the photoexcited electrons, and the
density of their ionized donors, varies with temperature.

Figure 5 shows for different temperatures the distribu-
tion of the free-electron density n(x) in the structure.
For increasing temperature, n (x) in the dark varies rela-
tively little, but in the light it shows a marked change
from 77 to 200 K as the illuminated result approaches the
dark one and the effect of absorption becomes less pro-
nounced. At 300 K the light and dark behaviors are in-
distinguishable on the scale of Fig. 5.

The behavior seen in Fig. 5 comes from the tempera-
ture dependence of the deep donor’s contribution,*
which is shown in Fig. 6. At 77 K n; (x) has the shape
described in Sec. IV A. As the temperature is increased
to 130 K, the influence of the depletion regions is re-
tained close to the interfaces, and the effect of absorption
is perceptible, but n,; in the undepleted Al,;Ga,;As
drops to ~1X10'7 ¢cm 3. This decrease continues with
increasing temperature and eventually it practically elim-
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FIG. 5. Temperature dependence of the distribution of free-
electron density, n (x) of Eq. (2), for “dark” (dashed curves) or
“light” (solid curves) conditions. Outside the Al, ;Ga, ;As layer
the dashed curves are practically indistinguishable from the
solid ones on this scale and are omitted for clarity; for 300 K
the curves are essentially the same even in the Al ;Gag ;As lay-
er.

inates the depletion regions at 300 K; n;/ in the middle of
the Al ;Ga, ;As layer is ~1.7X 10 ¢cm 3 at 300 K.

In terms of the qualitative interpretations'®'>!>1¢ re-
ferred to above—that the temperature dependence of the
response comes from that of the recombination through
the deep donors—one expects the behavior in Fig. 6 to
derive from the temperature dependence of R. The
reasoning is that as recombination is reduced it effectively
increases the emission rate 8¢,, and so increases R. Thus
R should increase with reducing temperature, and this
dependence should be the controlling factor behind the
behavior in Fig. 6.

Inspection of Egs. (4) and (6) confirms this for a slice
taken in, say, the middle of the undepleted Al,;Ga, ;As
layer, but shows that other factors are influential in re-
gions affected by the interfaces. To see this, we recall
that the temperature dependence of n; is contained in
the factor z;y, which involves three exponential terms:
exp] —B(Er—u.)], exp(BE,), and exp(BE; ;). They all
increase with decreasing temperature because of their
dependence on 8 and the first two tend to decrease ng
through Eq. (4). However, this tendency is more than
offset by the third term, exp(BE;,), which changes rela-
tively more than the other two. It tends to increase R
[Eq. (6)] and so leads to an increase of n,; through the
factor g, /R.
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FIG. 6. As in Fig. 5, except here for the density of ionized
deep donors n; (x) for the “light” condition. The plateaus in
these curves are intrinsic and are not limited by the range of the
ordinate.

The direction of the temperature dependence of n;" for
a given position x in the Al, ;Ga, ;As layer is thus deter-
mined by the variation of R, in accordance with the
qualitative view mentioned above. But the magnitude of
this dependence is modulated by the factor
exp[ —B(E—pu,.)], which varies strongly with x. In the
supply layer Er—p,. is largest in the depletion regions
close to the interfaces (Fig. 3). Consequently, z,p is small
there, and n,;r is relatively independent of temperature, as
seen in Fig. 6. So the behavior of n; (x), and ultimately
that of n(x) in Fig. 5, derives from the interplay of these
temperature-dependent and position-dependent factors in
Zgy. .

Finally, we turn to the temperature dependence of the
interfacial charges. These are reflected in Fig. 7, which
shows the effective sheet charge density for the principal
layers obtained by trapezoidal integration of n(x) in the
dark or light conditions. The behavior in the supply lay-
er is just another view of that seen in Fig. 5, and is direct-
ly comparable with experimental results obtained'® 12 for
samples of supply layer materials in steady illumination
(cf., for example, Fig. 5 of Ref. 12). The behavior in the
cap or buffer represents essentially that of the interfacial
charge, since it dominates the integration. The difference
between the dark and light behaviors in these layers
reflects the smooth increase in the trapped interfacial
charge derived from the photoexcited electrons in the
supply layer.

We note that in the dark the interfacial charge in the
cap or buffer decreases with increasing temperature, as

4

)
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Sheet Density (10'* cm™
T

Temperature (K)

FIG. 7. Temperature dependence of the effective sheet elec-
tron density for the active layers of Fig. 1 for the ‘“dark”
(dashed curves) or “light” (solid curves) condition.

reported elsewhere,'>?” whereas that in the supply layer

increases. This follows from the sign of the argument in
the exponent of Eq. (2). It is negative in the supply layer
(because of the sign of ¢ + A¢; Fig. 3) and the exponential
term in Eq. (2) varies relatively little with temperature.
Then the temperature dependence of n follows that of D,
which increases with temperature. In the interfacial re-
gions, however, the argument in the exponent of Eq. (2) is
positive and the domination of this term reverses the
influence of D. Thus in the interfaces n decreases with in-
creasing temperature.

V. CONCLUSIONS

Using a model heterostructure and solving the 1D
Poisson equation that is expanded to account for pho-
toexcitable donors in given layers of the structure, we
have derived a picture of the effect of temperature on the
response of the structure to light. Our calculations cover
the range 77-300 K. We have shown how the model imi-
tates experimental results for the temperature depen-
dences of the electron density in the active layers of a
structure, and we have expanded this with a view of the
distribution of this charge within the structure.

We see our approach as a first step towards a more
quantitative understanding of the effect of illumination
on the electrical properties of HEMT structures. It
shows how the photoexcited carriers are distributed in
the model structure, but the addition of such charge to
the system also alters the internal potential barriers
which, in the normal configuration we have considered,
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control access to the different conduction channels for
electrons passing between the source and the drain. Thus
illumination not only increases the free-electron density,
it also alters.the current distribution in the device. This
redistribution must be accounted for before a full assess-
ment can be made of the effect of temperature and il-
lumination on the electrical properties, and discussion of
this aspect will be given in a future report.
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APPENDIX

We use a standard method?® to solve simultaneously
Egs. (1) and (2). The aim is to reduce an error p in Eq. (2)
to an acceptable value using the linearizing approxima-
tion?*

exp(®+p)=(1+plexp(P) . (A1)
Here ®=p(¢+ A¢) of Eq. (2). The calculation proceeds
in equal increments along the x axis. Let the size of the
increment be A, which is small relative to the thickness of
the layers in the structure, then if ® is exact Eq. (1) can
be expressed in its central difference form at the jth step
as

Q; | —2®;+®; ,=—Q[N;"—n(x;)], (A2)
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where Q =gh?/e,. But if the potential we use at the jth
step is in error by p;, so that the exact value of the poten-
tial there is (®;—p;), then substitution into Eq. (A2),
combined with Eq. (A1), leads to

pj+1+Bpp;+p; 1 =D;, (A3)

where

B;=—-2—0n(x;),
D;=®, | —2®,—P,, +Q[N;" —n(x;)] .

Since ® has given values at the top and bottom of the
structure,?® the error is zero for the first and last incre-
ments. Consequently, the error at the jth increment is
given by

and Eq. (A3) reduces to iterative formulas

Bf=B,—1/B;_,,

Df=D;=D; \/B; .,

for the ““new” values B* and D * derived from the “old.”
The calculation procedes by evaluating from Eq. (A4)
the error for each increment, comparing the largest of
these values with a preset criterion, and, through the
iterative formulas, repeating this procedure until the cri-
terion is met.
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