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Delta-function-like doping profiles can be obtained in semiconductors by growth-interrupted
impurity deposition during molecular-beam epitaxy. The spatial localization of dopants is
assessed by the capacitance~voltage profiling technique and secondary ion mass spectroscopy
which yield profile widths of 20 and 37 A for Be 5-doped GaAs grown at 500 °C, respectively. The
diffusion coeflicients of Si, Be, and C in GaAs and of Si in Al,Ga, _,As are determined and
diffusion is shown to be negligible at low growth temperatures. At elevated growth temperatures,
dopant redistribution occurs during epitaxial growth. The redistribution is shown to be due to (i)
diffusion of dopants and (ii) Fermi-level pinning induced segregation of dopants along the
growth axis. Fermi-level pinning induced segregation of dopants is a novel mechanism which
results in a redistribution of dopants predominantly toward the growing surface due to
electrostatic attraction of dopants and carriers localized in surface states. This mechamism is
shown to be relavant at elevated growth temperatures of »600 °C. Electronic devices such as
homostructure and heterostructure field-effect transistors which employ the -doping technique
have a number of advantages including (i) high carrier density, (ii) proximity between electron
channel and gate electrode, (iii) large breakdown voltage of the gate, and (iv) reduced short-
channel effects. In addition, high transconductances are obtained in such 8-doped field-effect
transistors. The optical properties of doping superlattices are significantly improved using the -
doping technigue. Quantum-confined interband transitions in doping superlattices are observed
for the first time in such improved doping superlattices. Furthermore, a tunable doping
superlattice laser is demonstrated, which has a tuning range of 35 A. The tunable doping
superlattice laser has a potential tuning range of 220 A and is a candidate for a tunable source in
future optical communication systems.

{. INTRODUCTION

The miniaturization of the spatial dimensions of semicon-
ductor devices and integrated circuits is motivated by in-
creased speed, reduced power consumption, and higher

Delta-doped semiconductors can be grown by molecular-
beam epitaxy (MBE) by suspension the regular crystal
growth and evaporation of impurities on the nongrowing
crystal surface. The essential components of an MBE system

functional density. Among the limits of the down scaling of
semiconductor devices are those set by materials science,
growth, and processing. In addition, more fundamental
physical limits, which are almost exclusively in the guantum
regime, represent boundaries of the scaling process. It is a
vital, important part of present and future semiconductor
research to advance materials science in order to reduce spa-
tial dimensions of semiconductor structures and, at the same
time, to realize and understand the physical mechanisms
which impose fundamental limits on further scaling.

This publication is devoted to the electronic, optical, and
structural properties of doping distributions in semiconduc-
tors which are scaled down in one dimension to their ulti-
mate spatial limit. This limit is reached, if the dopants are
confined to a single or few monolayers of the semiconducior
tattice. The thickness of the doped region is comparable to
the lattice constant, i.e., only few angstroms thick. The dop-
ing distribution is then narrower than other relevant length
scales, most importantly the free carrier de Broglic wave-
length. Such narrow doping profiles can be mathematically
described by Dirac’s delta function. Semiconduciors with
such dopant distributions will be referred to as d-doped
semiconductors.
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are shown in Fig. 1(a) and comprise resistively heated effu-
sion cells equipped with shutters, the rotating GaAs sub-
strate, and a high energy electron gun for surface analysis.
The epitaxial growth is interrupted by closing the group-I11
element effusion cell and maintaining the group-V element
flux thus providing an anion stabalized surface. The growth
suspension typcially lasts between several seconds and sever-
al minutes. The growth suspension time is calculated accord-
ing to

7=N/Np,, (1)

where N *7 is the desired two-dimensiona! density of do-
pants, IV is the three-dimensional dopant concentration ob-
tained at a specific effusion cell temperature, and a growth
rate v,. After growth suspension, epitaxial growth is re-
sumed. Dopants are confined to a single atomic plane, if
impurity diffusion and other broadening mechanisms are
negligible and if the epitaxial crystal is atomically flat (i.e.,
contains no steps). This situation is shown in Fig. 1(b},
where beryllium atoms are confined to the Ga plane of a
GaAs lattice.

The first report of such a growth-interrupted dopant de-
position is due to Bass,' who found that a strong surface
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FI1G. 1. (a) Schematic iflustration of a molecular-beam epitaxy system com-
prising effusion cells with thermocouples and heating coils, shutters and a
rotating substrate with heater. Also shown is a reflection high-energy elec-
tron diffraction (RHEED) gun with fluorescent screen. (b) Schematic
iflustration of a semiconductor grown along the (100} direction containing
Be impurities in a single Ga plane of the GaAs zincblende structure.

adsorption of Si to the nongrowing GaAs surface results in
sharp doping spikes. The width of the doping spikes is not
explicitly mentioned in this publication; however, a doping
profile shown in the publication reveals a width of approxi-
mately 250 A. Adsorption of dopants to the nongrowing
crystal surface may also be the origin of high dopant concen-
trations of the substrate—epilayer interface found earlier by
DiLorenzo.?

The versatility of growth-interrupted dopant deposition
was realized by Wood ef al.,’ who mentioned that complex
doping profiles can be achieved by “atomic plane” or 6 dop-
ing. They further found that Ge doping of GaAs leads to
reduced autocompensation. However, the publication does
not investigate possible diffusion of dopants from the atomic
plane. Clear indications of such diffusion in d-doped semi-
conductors were first found by Lee ef al.* They concluded
that diffusion over 126 A occurred during crystal growth.

It was not until 1988 that Schubert er a/.” showed that
highly spatially confined Si doping profiles in GaAs can be
achieved at substrate temperatures <550 °C during growth.
They concluded that Si dopants are spatially confined to a
fayer whose thickness is comparable to the lattice constant.
They excluded diffusion over more than two lattice con-
stants, A high degree of spatial localization was also found
for Siin Al Ga, _As® and Be in Gahs.” The technigues
used to assess the degree of spatial localization were the ca-
pacitance—voltage profiling technigue and secondary ion
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mass spectroscopy measurements. Both technigues were
shown to be in agreement. The result of strong spatial local-
ization of dopants in §-doped GaAs and Al _Ga,_  As and
the requirement of low subsirate temperatures was con-
firmed by Sanios ez ¢l.* and Webb.®

Novel, improved semiconductors devices were fabricated
from S-doped structures. The 8-doped metal-semiconduc-
tor field effect transistor (MESFET) *” has the advantages of
narrow channel-to-gate distance, high transconductance,
and an enhanced breakdown voltage as compared to the ho-
mogeneously doped MESFET. Application of § doping in
selectively doped Al ,Ga, _ . As/GaAs heterostructures'!
results in high electron densities exceeding 110" ¢cm ™2,
At low temperatures the population of the ground-state sub-
band and of the first excited subband were observed for the
first time in the Al _Ga, _ ,As/GaAs heterostructure sys-
tem. High-transconductance selectively S-doped hetero-
structure transistors exhibit superior characteristics over
conventionally doped transistors.'! Other interesting em-
ployments of the 5-doping technique include the planar-
doped barrier diode,'” mixer diodes,'® unipolar light-emit-
ting superlattice structures,’ and negative differential
conductance oscillators. '

The optical characteristics of doping superlattices (s—~i-
p~i doping schemes) are greatly improved by using the -
doping technique. Quantum-confined optical transitions
were observed in absorption'® and photoluminescence ex-
periments.!” The improved doping superlattice structure,
which has sawtooth-shaped band-edge potentials, allowed
us to fabricate the first doping superlattice light-emitting
diodes, current injection lasers, and tunable lasers. 1%>°

fi. DEFINITION AND ELECTRONIC STRUCTURE OF
5-DOPED SEMICONDUCTORS

A one-dimensional doping profile in a semiconductor can
be considered to be d-function like, if the thickness of the
doped layer is smaller as compared to other relevant length-
scales. Specifically, it will be shown in this section that a
doping distribution whose width is narrower than the elec-
tron de Broglie wavelength is S-function like.

Assume a sheet of dopants, e.g., donors, in a semiconduc-
tor. Assume further a temperature range and density range
which results in a complete ionization of the donors. In the
picture of classical semiconductor physics, the free electron
will migrate away from their parent ionized donors due to
diffusion, i.e., random thermal motion of carriers. However,
electrostatic attraction of electrons and donors is opposed to
the diffusive motion and a balance of the drift and diffusive
motion is achieved. The spatial extent of the electron gas
(along the perpendicular direction to the donor plane) is
given, in this classical picture, by the screening length such
as the Debye length or the Thomas-Fermi length.

Even though the classical picture is gualitatively illumi-
nating, it leads to guantitatively unsatisfactory resuits due to
the neglect of size quantization. The size quantization of
charge carriers becomes important if the potential energy
{i.e., conduction band edge) changes significantly on the
length scale comparable to the electron de Broglie wave-
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length of thermal electrons (at 7" == 300 K electrons of kinet-
ic energy 1kT correspond to a wave of length 300 Ain
GaAs). A 5 function-like doping distribution is given by

Np(z) =NP8(z—2zp), (2)
where N7 and z,, are the density and the location of do-

pants on the z axis, respectively. The charge distribution of
Eq. (2) results in a potential energy of

2N2D
_&p (z—2z,) forz<z,
2e . (3a)
R (3b)
52 (z—zp) forzzz,

The potential well described by Egs. (3a) and (3b) is V
shaped and symmetric with respect to z,. It can be easily
verified that potential changes are indeed large on the length
scale of the electron wavelength.

The conduction band diagram of a V-shaped potential
well of 5-doped #-type GaAs is shown in Fig. 2 for a doping
density of 5 10" at 7= 4 K. The electron distribution in
the well is calculated by self-consistently solving Schro-
dinger’s and Poisson’s equation. Figure 2 reveals that four
eigenstates are populated at the chosen doping density. The
dopants are assumed to be 600 A below the (unpinned)
semiconductor surface and that the doping charge is distrib-
uted homogeneously over 2 A. The calculation of the sub-
band structure for different widths of the doping distribution
{e.g.,0.2,2,and 10 A) reveals that the electronic structure is

5-DOPED n-GaAs T=4.0K
N%D =2.5x10%%m™3x 22\ = 5x10%em™?

ng=3.05 x10'2cm™2
np =0.531 x162cm™2

ny=148x10"2em™2
nz=0.188 x40'2cm™2
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Fi6. 2. Charge distribution in a 8-doped potential well obtained from the
self-consistent solution of Poisson’s and Schrédinger’s equation. At a dop-
ing density of 53¢ 10'* cm ™2 four eigenstates are populated.
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unaffected by the width of the doping distribution, as long as
the spread of dopants is smaller than the spatial extent of the
ground-state wave function. Insignificant changes in the
electronic structure are found when the width of the dopant
distribution is decreased to 1 or increased to 10 A, i.e., much
narrower than the spatial extent of the (# = 0) wave func-
tion, which has a spatial extent of ~50 A. However, if the
width of the doping distribution increases to values larger
than the spatial extent of the ground state (e.g., 100 or 200
A), changes of the electronic structure occur.

To quantify and generalize the requirement of spatial lo-
calization of dopants, the spatial extent of the ground state
wave function is calculated using a variational approach.'’
The normalized trial function for the ground stateis given by

W, (2) =2a,/5(1 —az)et ™ forz<0, (4a)
Wo(z) = \2a,/5(1 4 ayz)e ~“  for 230, (4b)
where ¢, is the trial parameter. It is determined to be
9 1/3 1/3
a, = (T) (eE2m*/ﬁ2> , (5)

where E is the electric field of ionized dopants and is given by
the derivative of Eq. (3),1.e., E = + eN 3°/2¢. The ground-
state energy of the §-doped structure is then given by

3 (9")1/3(6,2,h2E2\1/3
10 2m* )

The results for excited states will not be summarized here
but can be found in the literature.!’

Next, the spatial extent of the ground state is calculated.
We define the spatial extent of the ground state as

20 =2J{z") — {2)s, (7)
where {z°) is the expectation value of the squared position
and (z), is the position expectation value of the n = O state.
¥ the definition of Eq. (7) is applied to 2 Gaussian wave
function its spatial extent would be twice its standard devi-
ation. Using the variational wave function used above, the
spatial extent of the ground state wave function is deter-

mined to be
4 Sﬁz 1/3
(5 avmme) -

Ey=

(6}

7

Zy =12 S

(8)
This equation easily allows us to determine z, for any host
material or carrier type. For n-type GaAs with N n
= 5% 10> cm™ ? one obtains z, = 46 A. This analytically
calcuated extent is in agreement with the self-consistent nu-
merical result shown in Fig. 2.
All dopant distributions of width much narrower than 46
A can be considered as 8-function like for n-type GaAs at
= 5x 107 cm ™2 Is not essential for the electronic sub-
band structure of the semiconductor if dopants are confined
to 2 monolayer of width < 1 ;X, or if the width of the doping
distribution is slightly wider, e.g., 10 A. Both doping distri-
butions (1 and 10 A) can be considered as 8-function-like as
long as their widths is <46 A.
The above consideration allows us to define a 5-doped
semiconductor as a structure which contains a one-dimen-
sional doping distribution confined to a narrow region,
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whose thickness is small as compared to the ground-state
wave function of the corresponding free carrier gas. Note
that the spatial extent of the wave function [see Eq. (8)]
depeunds on the doping density and the effective mass of the
carrier. For exampie, heavier p-type carriers are more local-
ized and thus require a2 narrower doping distribution in order
to provide a d-function-like doping profile.

In the next section it is experimentally shown that 8-func-
tion-like doping profiles can indeed be achieved. However,
caution is required with some results reported in the litera-
ture. Not all claims of §-doped semiconductors are approa-
priate. For example, doping distribution widths of 100 Aor
more are definitely not §-function-like.

. SPATIAL LOCALIZATION OF DOPANTS

In this section, the spatial width of a depant distribution is
assessed by a structural probe and an electronic probe,
namely secondary ion mass spectroscopy (SIMS) and the
capacitance-voltage (C-¥) profiling technigue. Both tech-
niques reveal that d-function-like doping distributions are
achieved for Si, Be, and C in GaAs and Siin Al,Ga, _  As.

The 5-doped GaAs epitaxial layers are grown in a Varian
Gen I molecular-beam epitaxy (MBE) system and a Vacu-
um Generator Gas-Source MBE system on semi-insulating,
Zn-doped and Si-doped (001) GaAs substrates at growth
temperatures ranging from 500 to 700 °C. The GaAs growth
rateis 0.9 um/h. The epitaxial layer sequence for Be 6-doped
GaAs consists of 3000 A Be-doped GaAs, 1000 A undoped
GaAs, the Be é-doped layer, and a 1000-A thick GaAs top
layer. Capacitance-voltage (C-F) measurements are per-
formed on 250 um radius Ti/Au (500/1500 A) Schoitky
contacts using a Hewlett-Packard Impedance/Gain-Phase
Anmnalyzer. Typical measurement frequency is 1 MHz. Sec-
ondary ion mass spectra (SIMS) are obtained from a Phys-
ical Electronics Phi 6300 system. The primary ion accelera-
tion potential used is 3 kV. The raster diameter is 750 um
with 70% gated secondary ion detection. The crater depth is
measured with & Dektak I depth profiler.

The SIMS doping profile of a2 sample containing three -
doped Be spikes at 500, 1000, and 1500 A below the GaAs
surface is shown in Fig. 3. The density of Be atoms in each
layer is N3 = 4 X 10'? cm™ 2. The growth temperature was
500 °C. The SIMS profile reveals three clearly resolved peaks
at the anticipated depths of 500, 1000, and 1500 A. The
SIMS profile exhibits a full width half-maximum of 37 A for
the shallowest of the doped layers, which is the narrowest
SIMS doping profile reported to date. The full width at half-
maximum increases to 40 and to 53 A for the impurity layer
buried at 1000 and 1300 5;, respectively. The SIMS profile
clearly indicates the strong spatial localization of Be in 5-
doped GaAs grown at low substrate temperatures.

The resolution of SIMS profiles is limited by (1) roughen-
ing of the sputtered crater and (ii) the knock-on effect. The
roughening of the sputtered craier increases with sputtering
time, which is illustrated by the increasing width of the
SIMS peaks in Fig. 3. The second limitation of the SIMS
resolution is given by the knock-on effect where sputtering
primary ions transfer their momentum inelastically to Be
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Fiq. 3. Beryllium SIMS profile of a 5-doped GaAs sample with three doping
spikes at 300, 1000, and 1500 A below the epitaxial crystal surface.

dopants and causes Be atoms to be implanted deeper into the
crystal. To minimize the knock-on effect, we use a low accel-
eration potential of 3kV in our measurements.

Taking into account both intrinsic broadening mecha-
nisms of the SIMS technique, we estimate the total broaden-
ing of the Be dopant profile to be less than three lattice con-
stants (=15 ‘5\). Thus, S-function-like doping profiles can
be obtained in Be-doped GaAs.

Capacitance—voltage (C-V) profiles on a samples with a
single 8-doped layer below the surface confirm the SIMS
results. A (C-V) profile measured at room temperature on a
sample grown at 7, = 500 °C s shown in Fig. 4. The profile
has a full width at half-maximum of 20 A and is the narrow-
est (C-F) profile reported in a semiconductor. The doping
density can be determined from the sum of (i) free carriers
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FiG. 4. Capacitance-voltage profile on a Be 8-doped GaAs sample (¥ b
=4%10"2 ecm™?) grown at 300 °C by molecular-beam epitaxy.
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and (ii) carriers localized in surface states® assuming that all
acceptors are ionized. The two-dimensional free carrier den-
sity can be determined from the integration of the profile.
Foilowing this procedure® one obtains N7° = 3.8 10"
cm ™2 for the profile illustrated in Fig. 4. The measured den-
sity is 5%.lower than the doping density aimed for during
crystal growth.

For a correct interpretation of the C~V profile it is impor-
tant to recall that the C—-¥ measurement is based on a free-
carrier effect rather than a dopant effect. The spatial resolu-
tion of C-V measurements is limited by the classical Debye
screening length and the Thomas-Fermi screening length
for nondegenerately and degenerately doped semiconduc-
tors, respectively. However, the classical screening length
limitation of the C--FV technique is valid for classical semi-
conductors, i.e., without size guantization. In semiconduc-
tors with a size-quantized carrier system, the resolution of
the C-V technique was recently shown to be given by the
spatial extent of the wave function corresponding to the free
carrier gas.>! The authors®’ used second order perturbation
theory to show that not the width of the doping distribution
but rather the spatial extent of the (ground-state} wave
function determines the resolution of the C-V technique. In
S-doped semiconductors the spatial extent of the ground-
state wave function is given by {see Eq. (8}]

, [T(4 e \7
z,= f—— ),
0 5 (9 ezNZDm*)

as obtained from a variational wave function discussed
above. The equation shows that even if the thickness of the
doped layer approaches zero, the C-V profile width does not
approach zero but rather the finite value given by Eq. (9).

Equation (9) allows us to estimate the C-V profile width
for 5-doped GaAs using a doping density of N 2P = 5 10"?
cm™~? and an effective mass of m¥, = 0.45 m,. One obtains
zo = 24 A in agreement with the experimental result shown
in Fig. 4. It is concluded from the narrow C-V profiles on Be
S-doped GaAs that the total broadening of the true Be do-
pant profile is less than three lattice constants (=15 A).
Both, the C-V technique and the SIMS technique thus yield
a strong spatial localization of Be in 5-doped GaAs.

The spatial localization of dopants was also studied for Si
n-type doped GaAs grown by gas-source MBE.” The study
included a comparison of experimental and theoretical C-V
profile widths at different Si doping densities. The Si densi-
ties employed range from 1.5 to 7.5 X 10'? cm 2 The theo-
retical C~V profiles were obtained by a self-consistent quan-
tum mechanical calculation, i.e., by simultaneously solving
Schrédinger’s and Poisson’s equation. In the calculation, a
top-hat distribution of dz =2 A and dz = 50 A width were
assumed. ,

The comparison of experimentally measured C-F profile
widths (dark squares) and the calculated profile widths
(two solid lines} are shown in Fig. 5. Furthermore, the ap-
proximate C-V profile width calculated analytically using
the variational approach (for dz—0) as given by Eq. (9) is
plotted in Fig. 5 as the dash-dotted curve. Inspection of Fig.
5 leads to the following conclusions: First, the experimental
profile widths agree with calculated ones only if diffusion

(9
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FiG. 5. Comparison of self-consistently calculated {—) and experimental
{M) full widths at half-maximum of C-V profiles on §-doped GaAs. Also
included in the C-V profile width obtained from an analytic variational
calculation {---) according to Eq. (9). Good agreement is obtained only if
diffusion is assumed to be negligible.

and other broadening mechanisms are irrelevant for the low
growth temperatures employed in the study. Second, the
variational calculation is in agreement with the quite elabo-
rate self-consistent calculation in the entire doping density
range. Delta-function-like doping profiles are thus feasible
for Be and Si in GaAs.

The realization of §-function-like doping profiles is limit-
ed to relatively low growth temperatures of <550 °C. Epitax-
ial growth at temperatures exceeding 550 °C result in signifi-
cant broadening of both, the SIMS and the C-J profiling
technique. Certainly, the amount of doping spread at elevat-
ed growth temperatures depends on the species of impurity
and host semiconductor. A quite pronounced C-V profile
broadening was found for Siin Al Ga, _, As.®

The C-V profiles of growth-interrupted Si doping of
Al 50, Ga, As grown at 500, 600, and 700 °C is shown in
Fig. 6.% At a growth temperature of 500 °C a profile width of
51 A is measured. At elevated growth temperatures signifi-
cant broadening to 118 and 305 A occurs, which clearly il-
lustrates the requirement of low growth temperatures for 6-
doped Al Ga,_,As. The broadening of the doping
distribution with elevated growth temperatures, as assessed
by C-F and SIMS measurements, is observed for all impuri-
ties and host semiconductors.”™ However, the degree of
broadening varies with the doping species and the host.

The physical origin of the doping profile broadening is an
important question. Conventional impurity diffusion was
identified as a major broadening mechanism.>? In addition,
preferential migration of impurities toward the growing sur-
face was found for Si in GaAs.* Such a preferential migra-
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tion of impurities cannot be explained by diffusion, since
diffusion results in & symmetric broadening of the profile. In
the next two sections, two broadening mechanisms, namely
diffusion and Fermi-level pinning induced drift of impurities
toward the surface will be investigated.

V. DIFFUSION M 3-DOPED SEMICONDUCTORS

Diffusion of impurities is a well known broadening mech-
anism for impurity distributions at elevated growth tem-
peratures. However, the temperature dependence of the dif-
fusion coefficients of Si and Be in GaAs and Al,Ga, _  As
were unknown.** Recently, a sensitive method was devel-
oped,?” which makes possible the determination of the tem-
perature-dependent diffusion coefficient
(600 °C< T'<1000 °C). The knowledge of the diffusion coef-
ficients allows one to estimate the diffusion of impurities in
é-doped semiconductors during growth.

The novel techniqgue to determine the diffusion coeffi-
cients of various impurities in [II-V semiconductors em-
ploys the C-V technique of rapidly thermally annealed &-
doped samples grown by MBE. The resolution of the
technigue is, if used appropriately, only few lattice constants
and is more sensitive than other methods. The advantage of
the method are especially in the low temperature domain
(60C °C) and in the high temperature domain (1000 °C). At
low temperatures little diffusion occurs, so that a sensitive
technique is required. fn the high temperature regime short
diffusion times (e.g., 5 s) are required due to the lack of
thermal stability of many compound semiconductors.

The epitaxial films used for the diffusion study are grown
onn™ orp*-type (001) GaAs by MBE at 50010 550 °C. The
layer sequence consists of a doped buffer layer, a 1000-%
thick undoped layer, the §-doped, layer and a 1000-1500-A
thick cap layer. The density of the §-doped layer is 4-6 X 10'?
cm ~2. The wafer is cleaved into several pieces, which are
annealed at temperatures ranging from 600 to 1000°C for 5
s. Samples containing impurities with low diffusivity {e.g.,
carbon) may require longer annealing times, especially at
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low annealing temperatures to provide a measurable diffu-
sion length. An AG-Associates Heatpulse AG-410 rapid
thermal annealing furnace is used for the temperature cycle.
A AuGe/Ni/Au (2000/1500/2000 A) metallization al-
loyed at 420 °C for 30 s is used for ohmic backside contacts.
Circular Ti/Au (500/1500 z&) Schottky contacts with a di-
ameter of 500 um are evaporated through a shadow mask.
The C-¥ characteristics are measured on a2 Hewlett—Pack-
ard 4194A Impedance Gain-Phase analyzer. The current-
voltage phase angie is 88° 1+ 1° at a frequency of 1 MHz,
indicating the dominating capacitive character of the
Schottky contacts. C-¥ concentration versus depth profiles
were obtained from C-V curves using well-known equations.
Additional current—voltage characteristics yielded a good
ideality factor of # = 1.04.

The C-¥ profiles of six pieces of a Be §-doped GaAs sam-
ple annealed at different temperatures is shown in Fig, 7. The
figure reveals a systematic broadening of the profile from 34
10 440 A for the pieces annealed at 600 and 1000 °C, respec-
tively. (The profile of the unannealed sample is shown in
Fig. 4 and has a width of 20 A.} Furthermore, the peak
concentration of the C- ¥ profiles drops from = 10" cm ™ 3to
=10"¥ em 3.

The integration of the C-¥ profiles yields the free carrier
density, that is

Proac :chs’d&

where p,puq 18 the two-dimensional hole density. The den-
sity ppue remains constant for ail annealing temperatures,
which indicates that Be occupies substitutional cation sites
before and after the annealing process. The C-V density and
the Be density obtained from SIMS measurements coincides
within 4- 10%, which indicates that all Be impurities are
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F1G. 7. Capacitance—voltage profiles of different pieces of a Be S-doped
GaAs  sample  rapidly  thermally anncaled at  temperatures
600 °C< T< 1000 °C for 5 s.
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electrically active. Therefore, the broadening of the C-V
profiles is representative for the broadening of the Be doping
profile.

The theoretical analysis of diffusion of Si impurities in -
doped GaAs samples is straightforward. We assume an ini-
tial distribution according to the Dirac-delta function

N,(z) = N¥P8(z — z,), (11)
and obtain a Gaussian distribution with diffusion length L,
= /D after diffusion:

__ Ar2D —1/2 (z—2z)°
N, (z} =N (47D7) exp| — ———1. (12)
4Dr
This normal distribution represents a solution of the one-
dimensional Fickian diffusion equation. The diffusion time
1s denoted at 7 and I} is the so-called diffusion coefficient,
which depends on temperature according to

D= Dyexp( — E, /kT3, (13)

where E, is the activation energy of the diffusion process, k
is Boltzmann’s constant, and T the absolute temperature.

The extraction of the diffusion length from the experimen-
tal data shown in Fig. 7 can be performed by (1) a compari-
son of experimental C-V profiles with self-consistently cal-
culated ones? or (ii) by using analytic approximations.®>**
In the analytic approximation it is assumed that the broad-
ening of the C-¥ profile is due to an intrinsic term o, and a
diffusion-induced term o such that the total broadening of
the C-V profile is given by

02:0.3iiﬁ‘+012" (14}

(Strictly speaking, the validity of this equation is limited to
Gaussian functions.) In the absence of diffusion processes,
the width of the C—} profile ( =20) is determined by the
intrinsic resolution of the C-V technique, i.¢., 20, = z,. For
large diffusion lengths the width of the C-V profile (20) is
" determined by the diffusion broadening (20, ). Note that
the diffusion length and the standard deviation ¢ of the
Gaussian function are related by

o= \2L, =\2Dr. (15)
Thus, the diffusion coeflicient D can be determined for each
annealing temperature using Egs. (11)-(15).

Using the above described technique, the diffusion coeffi-
cients of several impurities were determined including Si in
GaAs,”Siin Al _Ga, __As,®Bein GaAs,” and Cin GaAs.”!
The diffusion coefficients of Si, Be, and Cin GaAs are shown
in Fig. 8 as a function of temperature. At a temperature of
500 °C the diffusion coefficients are below 1077 cm?/s indi-
cating that little diffusion (<10 A) occurs for typical 8-
doped samples. Thus, the diffusion coeflicients of impurities
in GaAs are sufficiently small to make possible the growth of
é-doped semiconductors.

V. FERMI-LEVEL PINNING INDUCED SEGREGATION

The study of the broadening of §-function-like doping dis-
tributions revealed a preferential migration of impurities to-
ward the semiconductor surface during epitaxial
growth.®?%25:26 The preferential surface migration cannot be
explained by simple diffusion, since diffusion results in a
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symmetric (Gaussian-type) broadening. To explain the sur-
face migration, classical surface segregation,” solubility-
limit segregation,® and Fermi-level-pinning induced segre-
gation were proposed.’® In the following experimentally
obtained asymmetric impurity redistribution is illustrated
for Siin Al,Ga, _, As and the model of Fermi-level-pinning
induced segregation is presented.

Al Ga, _ ,As and GaAs epitaxial layers are grown in a
Varian Gen II system at 500, 580, and 660 °C. The buffer
layer is followed by 1000 A of Al, Ga, . As, a delta-func-
tion-like doping profile of Si with N2’ = 2-4X 10" em 2
and a final 1000-A thick Al, Gz, _ ,As layer. Secondary ion
mass spectroscopy (SIMS) measurements are carried out on
a PHI 6000 and an Atomica instrument with Cs™* and O,"
ion sputtering and an acceleration potential of 3 kV.

Si-dopant profiles obtained from SIMS are shown in Fig. 9
for the three samples grown at 500, 580, and 660 °C. Atalow
growth temperature a sharp peak is cbserved in agreement
with earlier results. The slight asymmetric shape of the
SIMS profile obtained at low growth temperature is due to
the well-known knock-on effect. As the growth temperature
is increased the profiles exhibit significant asymmetry. Sur-
face segregation of dopants is evident from the profiles, espe-
cially at 7, = 660 °C. The steepness of the leading and the
trailing slope of the SIMS spectrum are evaluated in terms of
the length in which the Si signal decreases by one order of
magnitude. The leading slope increases from 35 to 390 A/
decade indicating the surface migration of dopants. The
trailing slope increases from 80 to 140 A/decade and indi-
cates diffusion of dopants, which is expected to be symmetric
with respect to both sides of the structure. We observe qual-
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Fig. 9. Secondary ion mass spectrascopy profiles of Si S-doped
Al Ga, ,Asgrownat 500, 530, and 660 °C by molecular-beam epitaxy. At
elevated substrate temperatures, segregation, i.e., migration of dopants pre-
dominantly along the growth direction, is observed.

itatively the same but quantitatively weaker surface segrega-
tion for Si in GaAs. For the sake of clarity we show only the
data obtained on Si-doped Al,Ga, _  As.

Fermi-level pinning at the semiconductor surface causes
the doped layer to be depleted of the free carriers and a local-
ization of electrons in surface states. If the resulting dipoie
field is the driving force towards surface segregation, then
this segregation process can be reduced by screening the di-
pole field. Figure 10 shows two SIMS profiles in which a p-
type Be background doping is included. The concentration
of Be is chosen to be N, = 4x 10" cm ™ in order to com-
pensate for the Si dopants within 50 A. Figure 10 reveals that
the segregation iength is drastically reduced from 150 to 80
A/decade at a growth temperature of 580 °C. The decrease
of the segregation length is attributed to the screening of the
surface dipole caused by Fermi-level pinning. The trailing
slope of the SIMS profile is changed insignificantly indicat-
ing that diffusion &nock-on effect are not influenced by back-
ground doping. The SIMS profile for the sample grown at
T = 660 °C shows the same qualitative trend as the sample
grown at the intermediate temperature (see Figs. 9 and 10).
The surface segregation length is reduced and the SIMS pro-
file has a more symmetric shape, indicating that diffusion
dominates the dopant redistribution. The results show that
the (electronic) property of Fermi-level pinning causes sig-
nificant redistribution of dopants during growth and that
this interaction can be screened by appropriate background
doping.

Traditional theories of surface segregation are based on
the concept that a lower {structural) surface energy and a
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FiG. 10. Secondary ion mass spectroscopy profiles of Si é-doped
Al Ga, _Asgrown at 380 and 660 °C, which contains intentional p-type
background doping. A reduction of segregation is observed upon p-type
background doping.

higher volatility of impurifies are the driving forces toward
surface segregation. Hitherto Fermi-level pinning was not
identified as a driving force towards segregation.

Fermi-level pinning at an interface of a semiconductor
and a second medium, such as a metal, insulator, or vacuum
is a classic phenomenon in semiconductor physics. The Fer-
mi level at the interface is pinned at an energy e¢d, below the
bottom of the conduction band. Bardeen attributed Fermi-
level pinning to interface states which are of donor and ac-
ceptor type. Energetically such Bardeen states can be in the
conduction or valence band (e.g., for InAs); more frequent-
Iy the states are located close to the middie of the fundamen-
tal gap (e.g., GaAs). Fermi-level pinning occurs in a wide
range of temperatures and the pinning energy is approxi-
mately independent of temperature.?’ This is consistent with
the fact that the thermal energy &7 is much smaller than
other relevant energies. Direct gap Al, Ga, _  As (x <0.37)
is known to have a very similar band structure as GaAs.'"
Furthermore, properties related to Fermi-level pinning,
such as Schottky-barrier height and surface depletion, are
known to be very similar for GaAs and direct-gap
Al_Ga, _, As.'® Therefore, even though less data is avail-
able for Al ,Ga, _ ,As, we assume that the Fermi level is
pinned during crystal growth of GaAs and Al _Ga,_, As
and we will focus on the consequences of such pinning.

To date, the well-known physical censequences of Fermi-
level pinning are (i) the rectifying characteristics of metal—
semiconductor contacts and (ii) the depletion of semicon-
ductor surfaces from free carriers. In the following a further
consequence of Fermi-level pinning, i.e., the modification of
doping distributions during crystal growth, is analyzed.

The band diagram of a semiconductor containing a &-
function-like doping profile is shown in Fig. 11(a). Figure
11(b) shows that inclusion of appropriate background dop-
ing results in reversal of the surface electric field, which rep-
resents a driving force for impurities toward the substrate.
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Fic. i1. Band diagram of a (a) growing n-type 5-doped semiconductor.
The surface moves at a velocity v,. Dopants segregate at a velocity v,. (b)
Inclusion of p-type background doping reverses the electric field at the
semiconductor surface.

The surface of the semiconductor is assnmed to be moving
along the z direction with a velocity v,. For a two-dimension-
al doping density of N3 the electric field of the dipole is
given by

E=eN /e (16a)

E=¢,/(z, —z,), (16b)

where ¢ is the elementary charge, € is the permittivity, and
z, = vt and z, are the position of the surface and the doped
layer, respectively, Equation {16a) is valid if the doped layer
is depleted of all free carriers, i.e.,z, — z, <dye/eN 3, while
Eq. (16b) is valid if the doped layer is partly depleted of free
carriers, i.e., z, — z, >dz€/eN %Y. The segregation velocity
of dopants is given by

dz,

0, =
“T dt

=puE, an
where y is the doping ion mobility which is obtained from
the diffusion coefficient of Si in Al Ga, ,LAs®
(D, =4x10"% cm?/s, E, = 1.3 ¢V) and the Einstein rela-
tion u = De/kT.

For small distances between the doped layer and the sur-
face, the dipole field is given by Eq. (16a) and the segrega-
tion velocity of the dopants is given by

_ De eN >
T kT e
At 500 °C the diffusion coefficient is D = 2.5X 10" 1 cm?/s

(18)

Uy
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and Eq. (4) yields v, = 0.1 A/s for the segregation velocity
which is a small velocity. However, at T = 660 °C one ob-
tains D = 6 10™*° cm?/s where the segregation velocity is
2 A/s, which is comparable in magnitude to the growth ve-
Tocity (v, ) of 1.29 pm/h = 3.6 A/s for Al 3, GagAs (0.9
pm/h for GaAs). Thus, significant segregation is expected
to occur at T = 660 °C.

To obtain a single differential equation for small (z, —z,)
and large (z, — z,) the electric field given in Eqgs. (16a) and
(16b) is approximated by

- [(S N?Z)D) : " (zs gi?zd) 1} - 1’

which represents a lower limit of the true field in the interme-
diate range. The differential equation then becomes

dzd_.Dt?( € +Zs‘zd)_l
di — kT\eN® 85 / '

with z, = v t. We solved this nonlinear differential equation
numerically for the three growth temperatures, a {experi-
mental) carrier density of N3 = 2 X 10"? ¢cm ™2, and a total
growth time of ¢ = 280 s. The results of the numerical solu-
tion are as follows: At low substrate temperature of 500 °C
the segregation during growth of the 1000-A thick top layer
is 12 A. The corresponding calculated segregation length at
the growth temperatures of 580 and 660 °C are 64 and 293 A,
respectively. These calculated segregation lengths are in
good qualitative agreement with the experimental results
displayed in Fig. 9.

These approximate calculations allow us to estimate the
relative importance of the diffusion and the segregation pro-
cess. The diffusion length is known to equal approximately
VDt . According to Eq. (20), the segregation length is pro-
portional to Dt. Since D depends exponentially on tempera-

(19)

(20)

ture, diffusion (D! ) dominates at low temperatures, while
segragation {Dr) will dominate at higher temperatures; this
trend is clearly confirmed by our experiments.

The calculation above, although it gives a very good expla-
nation of the physical process causing surface segregation, is
unrealistic in two respects. First, since diffusion of impuri-
ties was neglected, the impurity profile remains §-function
like. The second insufficiency of the calculation is the omis-
sion of screening. At the growth temperature of 660 °C the
concentration of thermally excited, intrinsic carriers reaches
a value of n,2=10'® cm ~* which corresponds to a Debye
screening length of =550 A.

The understanding of the segregation mechanism opens
up new ways to either make use of the mechanism or to avoid
segregation in these semiconductors. The possible uses in-
clude the controlled field-driven redistribution of dopants
close to the surface. On the other hand, possibilities to re-
duce the segregation include (i} illumination of the growing
surface to increase the carrier density and the screening, (ii)
growth on different surface orientations such as the (110)
plane on which the Fermi-level pinning is possibly absent,
and (iii) growth at low temperatures.
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¥i. DELTA-DOPED FIELD EFFECT TRANSISTORS

The §-doping technique represents the ultimate limit for
scaling of doping profiles. Such scaling of the dimensions of a
semiconductor structure is of importance for semiconductor
devices. As the spatial Jateral and vertical dimensions of de-
vices shrink, the switching speed and the power consump-
tion of the device decrease. It is thus of fundamental interest
to investigate field effect transistors with doping profiles
scaled to their citimate limit.

A field effect transistor which contains a &-function-like
doping profile is shown in Fig. 12. The doped layer is sand-
wiched between nominally undoped GaAs, which is epitax-
ially grown on GaAs. The §-doped field effect transistor
(FET)'%? shown in Fig. 12 has a number of advantages
over conventional, homogeneously doped MESFETsS, in-
cluding (i) short gate-to-channel distance, (ii) high trans-
conductance, (iii} high densities of the 2DEG, (iv) large
breakdown voltage, and {v) reduced short channel effects.
The intrinsic transconductance of a FET can be given in
analytic form according to

*
gm"_

1 epnyppcd Y| T2
{21a)
where W, L, and d are the width and the length of the gate,
and the distance between the gate and the 2DEG, respective-
ly. The saturation velocity is designated as v,. For short gate
lengths L. -0 the equation reduces to

gh =ev, W,/d, (21b)

which can also be derived from the well-known saturation-
velocity model. Equation (21a) is based on a two-region
maodel for the velocity-field characteristic and a velocity sat-
uration at the drain end of the gate.?"*® The equation sug-
gests that a short gate-to-channel d is desirable and yields a
high transconductance. An intrinsic transconductance ex-
ceeding 500 mS/mm was estimated for the 5-doped FET.**

A high carrier density of the 2DEG is desirable as well to
achieve a high transconductance, as concluded from Eq.

SFET

Schottky -
Source Gat Crain

undoped
p -GaAs

/ epitaxiat
layer

Npiz) = N326(z-d

FiG. 12. Delta-doped GaAs metal-semiconductor field effect transistor.
The conductive channel in a Si §-doped layer located at a distance d below
the Schottky gate.
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{21). Since high carrier densities are easily achievable by the
d-doping technique, a high transconductance is feasible.
Note that the densities of the 2DEG can exceed the densities
achievable in selectively doped heterostructure transistors.

A further advantage of the §-doped FET is the large gate
breakdown voltage. The maximum electric field under the
gate is smaller for the 8-doped FET as compared to the con-
ventional, homogeneously doped FET.? A large breakdown
voltage is consequently observed in 8-FETs.

Finally, short-channel effects are less pronocunced in S-
doped FETs. Short channel effects are prominent if the gate
fength becomes smaller than the gate-to-channel distance,
short channel effects manifest themselves as a lack of pinch
off, large output conductance, etc. Thus, the 5-doped FET
with its inherently small gate-to-channel distance has advan-
tageous properties in the short gate-length domain. Little
short-channel effects are expected for the 5-doped FET for
gate lengths as small as 1000 A. The cutput current—voltage
characteristic of a depletion-mode 5-doped FET is shown in
Fig. 13. The field effect transistor is fabricated in a two-mask
self-aligned process.”' The transconductance of the transis-
tor is 240 mS/mm at a gate length of L, = 1.3 um. The
output characteristic exhibits excellent pinch off, current
saturation, and turn-on resistance. In addition to depletion
mode transistors, also enhancement mode transistors were
fabricated.®' More recently, d-doped transistors with a
transconductance of 270 mS/mm were fabricated.”

Selectively doped heterostructure transistors (SDHTS)
take advantage of (i} the enhanced electron mobility in such
heterostructures and (ii) the spatially well-defined two-di-

@ 50 LA —gmm
0
—50up
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0 -
0 2.5V 5V Vg

500 mV/Step Depletion-FET

Fi16. 13. (a) Gate-source and (b) drain-source current—voitage characteris-
tics of a $-doped depletion-mode MESFET with a gate length of 1.3 um and
a width of 150 zm. A peak transconductance of 240 mS/mm is measured on
the device. The gate voltage is + 0.5 V for the top drain current trace.
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mensional electron gas {(2DEG). An extensive review on
SDHTs was given by Pei and Shah.*® Today, SDHTS, also
called high electron mobility transistors { HEMTs), two-di-
mensional electron-gas field-effect transistors (TEGFETSs)
or heterostructure field-effect transistors (HFETs) are used
in high-speed integrated circuits and for low-noise micro-
wave applications.

An important figure of merit of SDHTs is the density of
the 2DEG at the heterointerface. The density is determined
by the inherent properties of the heterostructure, such as the
conduction band discontinuity, the spacer thickness, and the
doping concentration. Densities are typically limited to
S1x10"2 em % in the Al Ga, ,As system. However,
higher densities are desirable to improve the transconduc-
tance of the transistor.

Employment of the 5-doping technique allows one to en-
hance the density in selectively doped heterostructures over
values achievable in conventional, homogeneously doped
SDHTs.

The energy-band diagrams of the selectively §-doped het-
erostructure (SADH) and the conventional selectively
doped heterostructure (SDH) are shown in Figs. 14(a) and
14(b), respectively. In the SADH, all donor impurities are
localized in a plane at a distance W, from the

F16. 14. Schematic energy-band diagram of 2 (a) selectively 5-doped het-
erostructure and a (b) homogeneously doped heterostructure. A hetero-
structure (c¢) which is §-doped in a GaAs quantum well avoids persistent
photoconductivity effects.
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Al _Ga, ,As/GaAs interface. The donor localization re-
sults in a V-shaped quantum well with a lowest subband
energy of E . In the conventional SDH, the Al Ga, ,As
conduction band has a parabolic shape [Fig. 14(b)] with
negligible size quantization. For the selectively 5-doped he-
terostructures we can write the energy balance:

ZE=0= —E,— (E; — E;)
+ AE, —eEW, + E5 4+ (E. — E§), (22a)

where E; is the lowest subband energy of the 2DEG,
(Er — E,) isits degeneracy, AFE. is the conduction-band dis-
continuity, and E is the electric field within the spacer. The
energy E § is the ground state energy in the V-shaped poten-
tial well of the §-doped A1, Ga, _As.Theterm (£, — E$)
can be assumed to be zero, i.e., there are no mobile carriers in
the Al Ga, _,As. In Eq. (22a) we assume that none of the
two quantum wells (V-shaped quantum well in the
Al_Ga, _As, and triangular well at the semiconductor in-
terface) perturbs the eigenstate energy of the other corre-
sponding quantum well. For the homogeneously selectively
doped heterostructure (SDH) we can write the following
sum of energies:

SE=0= — Ey— (Ep — Ey) + AE, — cEW, — eV,
(22b)

where ¥, is the potential drop within the depletion region,
as shown in Fig. 14(b). Comparison of Egs. (22a) and
(22b) yields two differences. First, in the SADH, the eigen-
state energy in the V-shaped quantum well of the
Al Ga, ,As, EJ, adds up to the barrier height, AE..
Therefore, we can understand the sum (EJ + AE. ) as an
“effective conduction-band discontinuity” which is enhanced
as compared to the conventional SDH. Second, the potential
drop in the depletion region [Eq. (22b)], — ¢V, does not
enter Eqg. (22a). The depletion width approaches zero thick-
ness due to the localization of donor impurities in the §-doped
Al _Ga,_ _As. The SADH has consequently two advan-
tages: (i) effective discontinuity enhancement due to size
quantization in the Al _Ga; _ , As and (ii) absence of deple-
tion-region potential drop due to localization of donor im-
purities in the 5-doped Al,Ga, _, As. Both characteristics
will result in the desired increase of the density of the 2DEG.
The increase in concentration was previously calculated in
greater detajl.!*4-3

An interesting structure is shown in Fig. 14(c), which
uses a GaAs quantum well which is § doped. If the GaAs
quantum well is thin enough ( < 10 A), the eigenstate energy
in the Al Ga,  As is not purturbed significantly. Such a
structure would maintain the advantages of the SADH and,
in addition, would reduce the problem of persistent photo-
conductivity associated with the deep donor in the
Al Ga,_ ,As by spatially separating donors from the
Al Ga, __As.

A high density 2DEG is indeed observed in the selectively
S-doped heterostructures. The magnetoresistance of a
SADH is shown in Fig. 15(a). Shubnikov—de Haas oscilla-
tions with two distinct periods are observed and indicate the
first observation of two subbands being occupied in an
Al Ga,_ ,As/GaAs heterostructure. We attribute the two
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FIG. 15. (a) Low-temperature magneto resistance of a selectively d-doped
heterostructure. (b) Evaluation of the two periods of the Shubnikov-de
Haas oscillations yields a density of 9.7 10" em ™2 and 1.0X 10" ¢cm™ *at
low temperature for the lowest and the first excited subbands, respectively.

oscillations to the lowest and first excited subbands of the
2DEG. The density within the two subbands are evaluated
by plotting the Landau quantum numbers of the minima
(solid circles) and maxima (open circles) versus reciprocal
magnetic induction, as shown in Fig. 15(b). The slope of this
plot yields the densities of 9.7 10" ¢m™? and 1Xx 10"
cm % for the lowest and first excited subbands, respectively.
The total density is 7i,pp = 1.07 X 10" cm? at 300 mK. The
corresponding mobility is u# = 37000 ecm?/V s. At room
temperature a density of 7,55 = 1.7X10'”cm™? and a mo-
bility of 8900 cm?/V s have been obtained from Hall mea-
surements on the same sample.

Conventional selectively doped heterostructure transis-
tors have typical densities of 7,ppq < 1X 107 em™ 2 The
high 2DEG density that can be obtained in the selectively &-
doped heterstructures is favorable for field effect transistor
performance. In Fig. 16 we show the output characteristics
of two depletion-mode SADHTs. The SADHTs have low
ON resistance (Roy = 1.83 & mm), excellent saturation
characteristics, low differential output conductance in the
saturation regime, and good pinch-off characteristics. A
very high transconductance of up to g,, = 360 mS/mm is
obtained from the SADHT. Transconductances of 320-360
mS/mm are measured in a considerable number of SADHTs
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FiG. 16. Drain current vs drain source voltage of a selectively 8-doped het-
erostructure transistor with a transconductance of up to 347 mS/mm. A
gate-source current—voltage characteristic is shown in the lower part.

on the same wafer. The processed wafers have good homo-
geneity and yield. The contact resistance is measured to be
R, =007 mm. Atalow temperature of 7= 77 K a trans-
conductance of g,, = 420 mS/mm is obtained. The lower
part of Fig. 16 shows the gate-source current-voltage char-
acteristic. A large breakdown voltage of ¥ = — 6V is mea-
sured in the reverse direction.

Vil. DELTA-DOPED DOPING SUPERLATTICES

Doping superlattices consist of semiconductors, which
are alternatingly doped with #-type and p-type impurities.
The period of such doping superlattices is typically 100 to
2000 A. Due to the proximity of the n-type and the p-type
layers, electrons recombine with hoies. If the doping super-
lattices contain an equal density of donor and acceptor im-
purities then the superlattice is depleted of free carriers. A
periodic potential results from the ionized impurity changes.
The periodic superlattice potentiai has several far-reaching
consequences which will be discussed in the following.

The doping profile of a doping superlattice containing al-
ternating n-type and p-type & function is shown in Fig. 17.
The superlattice has a period of z, and the doping spikes
(which are separated by z,/2) have a two-dimensional den-
sity of N 3 and N 2P for donors and acceptors, respectively.
The sawtooth-shaped band diagram resulting from the &-
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FiG. 17. (a) Doping profile of a §-doped doping superlattice consisting of a
train of alternating n-type and p-type & functions. (b) Schematic band dia-
gram and wave functions of the sawtooth doping superlattice. The wave
functions ¥, (z) are shown for k, == 0. Minibands have a width of AE,,.

function-like doping profile is shown in the lower part of Fig.
17. Also sketched are the three lowest subband or miniband
states of the doping superlattice. Note that the position ex-
pectation values of electron and hole wave functions are dis-
placed by half a superlattice period, i.e., electrons and holes
are spatially separated.

The band diagram illustrates some interesting features of
doping superlattices. First, the superlattice energy gap, i.e.,
the transition energy between the lowest conduction sub-
band and the highest valence subband, is smaller than the
gap energy of the host semiconductor. As an example the
absorption transition Oe-Ohh (ground-state heavy hole to
ground-state electron) illustrated in Fig. 17 is clearly
smaller than the gap energy of the host semiconductor. Sec-
ond, electron and hole wave function are spatially displaced
by half a superlattice period, z,/2. Consequently, the over-
lap integral between the states and the oscillator strength of
the transitions can be smalier, as compared to a bulk semi-
conductor. The lifetime of radiative transitions can be en-
hanced especially for long periods (> 100 A) of the doping
superlattice. Third, doping superlattices of sufficiently long
periods exhibit tunability of their effective gap energy. That
is, upon photoexcitation or carrier injection electrons and
holes accumulate at the sites of their respective parent ion-
ized impurities and compensate their charge. As a result, the
superiattice modulation is reduced and the effective energy
gap increases.

Doping superlatiices were proposed approximately 20

years ago>®?’ in a homogeneously doped configuration. The
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first 8-doped doping superlattices were grown in 1985.%*
Delta-doped doping superlattices have improved optical
properties and made possible the first observation of quan-
tum-confined optical interband transitions in absorption
and photoluminescence measurements.'® 7%

In the following we discuss experimental results on trans-
mission experiments. Absorption and luminescence spec-
troscopy which revealed quantum-confined transitions will
not be discussed here but were reported in the literature. **’
Transmission spectroscopy on 8-doped doping superlattices,
using semiconductor diodes to detect the transmitted light,
are advantageous due to reduced noise of the signal as com-
pared to (spectrophotometer) absorption measurements.
Transmission experiments are carried out with a cooled Ge
photodiode, which detects the light transmitted through the
doping superlattice. Using phase sensitive lock-in technigue
for the detection, the transmission signal carries little noise.

For the transmission measurements a sample holder with
a 1.0 mm diameter hole is used. The Ge photodiode detector
is thermally decoupled from the sample holder. The chop-
ping frequency is 313 Hz. For monochromatic illumination
of the sample we use a 250W halogen lamp with a double
monochromator (HRD 600 Jobin Yvon) incorporating
1200-lines/mm and 600-lines/mm gratings. The holograph-
ic 1200-lines/mm grating is used for the measurements due
to the smooth optical response. In addition, optical filters
with cutoff wavelengths of 665 and 780 are used.

The observed spectra are normalized to a reference mea-
surement performed on a semi-insulating substrate with a
thickness of 300 zm. In this way one can obtain transmission
spectra without detailed knowledge of the response of the
measuring setup. From these corrected curves we obtain the
first derivative by numerical differentiation. The transmis-
sicn spectra and its derivative of a 5-doped doping superlat-
tice is shown in Fig. 18. The bulk band gap energy is indicat-
ed by an arrow in Fig. 18. A clear decrease of the
transmission signal is observed much below the bulk band
gap of GaAs. The decrease of the transmission signal occurs
at wavelengths of 1100 nm. The onset of absorption (which
is equivalent to a decrease in the transmission signal) is con-
sistent with the reduced energy gap of doping superlattices
mentioned earlier. The transmission spectrum shows four
shoulders which are identified as quantum-confined inter-
band transitions. The structure is stronger in the derivative
of the transmission spectrum.

The transition energies can be calculated using either the
exact Airy-function solution’® or a variational approach.’’
The theoretical transition energies are matched to the trans-
mission peaks by adjusting the two parameters of the doping
superlattice (i) period and (ii) doping density. Best agree-
ment between measured and calculated transition energies is
obtained, if a period of 142 A and a doping density of

1.3x 10" cm ™% is used.
The derivative of the transmission spectrum of a superlat-

tice with longer period and smaller doping density is shown
in Fig. 19. The number of peaks has significantly increased in
the wavelength interval as compared to the sample shown in
Fig. 18. A decrease in doping density leads to a decrease in
the subband spacing. More peaks with narrower spacing are
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therefore plausible for superlattices with smaller doping
density.

The energies of quantem confined interband transitions
are calculated using the exact Airy-function solution. For a
period of z, = 178 A and a doping density of 9 X 10'2 cm >
one obtains the theoretical transition energies shown by the
arrows in Fig. 19. Good agreement is found between mea-

sured and calculated transition energies.
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FIG. 19. Derivative of the transmission vs wavelength of a sawtooth doping
superlattice at low temperature. The superiattice has a smaller doping den-
sity and a longer period as compared to the spectrum shown in Fig. 18. The
arrows represent calculated transition wavelengths using the superlattice
parameters N°P = 9% 10 em~?and z, = 178 A.
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The absorption coefficient for one-photon absorption can
be obtained in terms of Fermi’s Golden Rule

S [(Fipeil ) 8(0 — @,,),

n#EN

al{w) =

2
Ame 23)

WCH M
where (F| and |I) are the final and initial states, p is the
dipole operator, ¢ the speed of light, € the polarization of the
photon, and #, the index of refraction. Taking into account
the multiple internal reflections within the sample, we write
(1 — R)?e ~ato)
where R is the reflectivity given by R = (n, — 1)%/(n + 1)?
in the long-wavelength limit; 7 is the thickness of the sample.
The estimated order of magnitude of the absorption coeffi-
cient for our sampleis = 1000 cm ~! and so the denominator
can be treated as unity. We thus have
T(w) = {1 — R)?%e ™ *“ and can write its derivative with
respect to wavelength as

d7(w) _ fc da(w)
dA A de

The absorption coeflicient for a subband transition is a
broadened step function and therefore its derivative has a
peak when the photon energy is equal to any transition ener-
gy and has a dip when the photon energy lies in the middle
between two transition energies.

Some properties of doping superlattices make possible
semiconductor devices not feasible in other semiconductor
systems. Specifically, the reduced superlattice energy gap
and the tunability of the gap open intriguing possibilities for
device application. The reduced energy gap allows one to
extend the wavelength range of light-emitting devices. Thus,
GaAs devices can operate at wavelengths 4> 0.9 um. The
tunability of the energy gap allows one to continuously tune
the emission energy of light-emitting diocdes or lasers.

Lasers are one of the most interesting device applications
for doping superlattices. Tunable lasers are highly desirable
for optical wavelength multiplex communication systems.
On the other hand, optical transitions in doping superlattices
are inherently of weaker oscillator strength as compared to
bulk material. Thus, the realization requires high quality
epitaxial material.

The first doping superlattice current injection laser'® was
realized in GaAs using the 5-doped technique. The schemat-
ic sketch of a current-injection doping superlattice laser is
shown in Fig. 20. The laser comprises a doping superlattice
region in which radiative recombination occurs. The doping
profile and the band diagram is shown in the inset of Fig. 20.
The superlattice region is confined by »- and p-type
Al ,Ga,_ ,As regions. In addition to current injection la-
sers, also optically pumped double heterostructure lasers
were demonstrated.”®

The first tunable doping superlattice laser was realized by
inhomogeneous optical excitation of the Fabry-Perot cav-
ity.?® After epitaxial growth, the layers are cleaved into bars
of nominal 250 um width and | cm length. A frequency-
doubled Nd-doped Q-switched YAG laser (4 = 532 nm) is
used for optical excitation. Light emission from the sample is
detected with a Si detector using gated detection. The laser

Tw) = (24

(1 _‘R)Qe —(z((.u)r‘ (25)
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Fi:. 20. (a) Doping profile, (b) band diagram, and (¢} basic structure of
the edge-emitting sawtooth superlattice laser. The active doping superlat-
tice region is sandwiched between Al Ga, As confinement layers.

samples are cooled in a variable-temperature He cryostat.
The transverse electric (TE) and magnetic (TM) emis-
sion modes of an optically pumped doping superlattice laser
is shown in Fig. 21. The TM polarized spectrum is magnified
(X 100} in the illustration. The spectrum of the TE polar-
ized emission shows several longitudinal Fabry-Perot
modes of the laser and the absence of spontaneous emission.
The spontaneous and stimulated emission spectra are
shown together with the light output versus excitation inten-
sity curve in Fig. 22 for a temperature of 150 K. In the spon-
taneous emission regime at low excitation intensity the peak
wavelength moves to shorter wavelength with increasing ex-
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FiG. 21. Spectrum of the doping superlattice laser with transverse electric
(TE) and transverse magnetic (TM) polarization. The TE polarization
spectrum reveals a number of longitudinal modes.
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FiG. 22. {Left) Emission intensity vs excitation intensity of the tunable
sawtooth superlattice laser at 7'~ 150 K. (Right) Optical spectra betow
threshold intensity, at threshold intensity, and above threshold intensity.
The laser wavelength remains constant when the stimulated emission
threshold is reached.

citation intensity. At higher excitation intensities stimufated
emission occurs, which is accompanied by the characteristic
kink in the light output curve of Fig. 22 and a narrowing of
the emission spectrum below values of the thermal energy
kT. However, the peak wavelength does not change in the
stimulated emission regime as clearly revealed in Fig. 22.
Such a constant emission energy is not unexpected, since
upon reaching the laser threshold the Fermi level remains
constant and additional carriers undergo stimulated recom-
bination with a correspondingly very short lifetime. Thus,
the emission energy remains constant with excitation energy
in the stimulated emission regime.

However, the emission energy can be tuned continuously
by inhomogeneous excitation of the Fabry-Perot cavity.
Such inhomogeneous excitation is achieved by displacing
the exciting optical beam from its centered position, as
shown in the top part of Fig. 23. The inhomogeneous excita-
tion results in a laser emission energy higher as compared to
the symmetric excitation. Figure 23 reveals that the tuning
range of the laser is approximately 35 A. This tuning range
does not represent a fundamental limit. The current tuning
range is limited by the intensity distribution of the exciting
source. We expect a wider tuning range for a more inhomo-
geneous excitation, which could be also achieved in a two- or
three-section current-injection laser.

Simultaneously, as the peak of the stimulated emission
shifts to shorter wavelength, the excitation intensity re-
quired to reach threshold increases, as illustrated in Fig.
23(b). However, it is important to visualize that upon dis-
placement, the sample is excited only by a small part of the
exciting beam as shown in the inset of Fig. 23. Thus, the
increase of threshold intensity is overestimated and the true
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increase in threshold intensity is not as pronounced as sug-
gested by Fig. 23(b).

Under homogeneous excitation conditions the stimulated
emission energy is several 10 meV below the band gap of
bulk GaAs. However, the emission energy is much higher
than the spontaneous emission energy at low excitation in-
tensities (K =1.35eV). Thus, the superlattice modulation is
reduced by photoexcited electrons and holes, which screen
the ionized dopant charges of donors and acceptors, respec-
tively. Even though the modulation is reduced, a residual
band modulation is still maintained, as suggested by the low
emission energy. Thus, stimulated emission is achieved be-
fore the bands are completely flat, that is, for incomplete
screening of dopant charges.

The physical mechanism leading to the tunability of the
semiconductor laser can be understood on the basis of in-
creased loss induced by inhomogeneous excitation. As a re-
sult of the inhomogeneous excitation, i.e., reduced excitation
intensity in one part of the Fabry-Perot cavity, the optical
loss is enhanced in this section. In order to obtain stimulated
emission, the other section must be subjected to higher exci-
tation. As a result, the band modulation decreases and the
superlattice energy gap increases in this section due to an
enhanced density of carriers. Once the intentionally induced
loss is overcome, stimulated emission occurs. The corre-
sponding energy is increased as compared to the homogen-
eously excited cavity. Thus, tunability of the stimulated
emission wavelength is achieved by a different excitation in
the two sections of the laser. The principal limit of the tuning
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range is reached when the flatband condition is achieved in
one part of the laser. The corresponding tuning range is ap-
proximately 230 A at low temperatures for the samples stud-
ied here.

Yill. CONCLUSIONS

Research and development in the field of semiconductor
technology has always been focused on the fundamental
physical limits such as limits of miniaturization, speed, and
integration of electronic and/or optical circuits. The realiza-
tion of S-function-like doping distributions represents such a
fundamental limit. It was shown in this review what 5-doped
semiconductors are, and how they arc realized. Further-
more, a number of device applications were reviewed.

The field of 5-doped is a truly interdisciplinary field. It
involves (1) materials science, (ii) solid state physics, {iii)
guantum mechanics, and (iv) device physics. Contributions
from each of these fields are essential to the realization and
understanding of §-doped semiconductors. The interdisci-
plinary nature of the subject makes the field exciting and
filled with a wealth of opportunities.

Employment of the é-doped technique results in a signifi-
cant improvement of a number of semiconductor structures
and devices. The improved structures inciude homo and het-
erostructure field effect transistors and nonalloyed ohmic
contacts.*® For many purposes the 8-function-like doping
distribution represents an optimized doping distribution.
For example, selectively &-doped heterostructures have
both, highest densities as well as highest mobilities.*> Novel
structures and devices are made possible through the 8-dop-
ing technique, including the tunable doping superlattice la-
ser. Future research and development of semiconductors
will make use of the advances and the knowledge gained in
the course of research in the field of § doping. Certainly, the
intention is the further improvement of semiconductor
structures and devices.

However, research on §-doped semiconductors continues.
The employment of 8-function-like doping distributions re-
quires improved crystal growth and processing technology.
Many challenges will be met and the physics must be under-
stood, before the development and the production of semi-
conductor devices can take full advantage of the 5-doping
technique. This continues to make the physics of 5-doped
semiconductors such an attractive field.
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