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ABSTRACT

This program concerned investigations of multibandgap solar cell

structures with potential efficiencies greater than 40%. The basic concept

utilized a monolithic stack of three or more cells based on AlGaAs and

InGaAs ternary compounds. In particular, the planned work for the two-year

program was to involve research related to a three-cell stack comprised of a

top AI.3 7Ga.63As cell, a middle GaAs cell and a bottom In.3Ga.7As cell. Efforts

first concentrated on GaAs cell growth and fabrication, and then on AlGaAs

film growth. Although significant progress was made in the development of

AlGaAs film growth, efforts to grow InGaAs films and solar cells were not

initiated. GaAs solar ,ells were fabricated from epi-wafers grown at WSU Tri-

Cities. The cells had a p/n structure with Au metallization and SiO anti-

reflection coatings. Cells exhibited AM1.5 efficiencies greater than 21%.

Studies of A1GaAs included development of procedures for growth of films of

known aluminum concentration and measurement of minority carrier

properties. The minority carrier diffusion length was found to be 0.6 gm for

AlGaAs with a composition corresponding to 10% aluminum. Films with

larger amounts of Al exhibited much lower values of diffusion length.

Studies were conducted which determined that oxygen impurity levels in the

AlGaAs were degrading minority carrier properties.
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1. IN'17RODUCTION

1.1 Research Objectives

This program concerned investigations of multibandgap solar cell

structures with potential efficiencies greater than 40%. The basic concept

utilized a monolithic stack of three or more cells based on AlGaAs and

InGaAs ternary compounds. In particular, the planned work for the two-year

program was to involve research related to a three-cell stack comprised of a

top AI.37Ga.6 3As cell, a middle GaAs cell and a bottom In.3Ga.7As cell. Efforts

first concentrated on GaAs cell growth and fabrication, and then on AlGaAs

film growth. Although significant progress was made in the development of

AlGaAs film growth, efforts to grow InGaAs films and solar cells were not

initiated.

1.2 Technical Approach

The basic approach has involved growing rI-V film structures with the

SPIRE 500XT MOCVD reactor housed at WSU Tni-Cities, and which was

purchased with a DoD university equipment grant in 1988. At the beginning

of this program, the WSU MOCVD reactor was operational, but not yet

calibrated. Thus, a significant part of the first-year effort concentrated on

determining growth rate for GaAs, and approaches to doping GaAs. Epitaxial
layered structures appropriate for GaAs solar cells were grown with the WSU

reactor, and diced to provide die for cell fabrication. After processes for GaAs

cell fabrication had been developed, work concerning AlGaAs film growth

and cell fabrication began. MOCVD growth of GaAs and AIGaAs are

discussed in Sections 2 and 3. Studies of minority carrier properties of

AlGaAs films are presented in Section 4. Finally, GaAs solar cell fabrication

and characterization are discussed in Section 5.

1.3 Benefits of AFOSR Funding

The funding provided during this two-year project has allowed the

electronic materials program at WSU Tri-Cities to mature to the point that

work presently being conducted on solar cells and transistors based on GaAs

I



and AlGaAs can be considered "forefront" research activities. Programs in
heterojunction bipolar transistors ard GAAs solar cells for space applications

are being carried out by Dr. Olsen's group.

Contributors to this AFOSR program are listed in Appendix A; a list of
publications generated as a result of this work are given in Appendix B.
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2. MOCVD GROWTH OF GaAs

2.1 MOCVD System at WSU Tri-Cities

The Spire 500XT metalorganic chemical vapor deposition system was
purchased in 1988 with a $260,000 grant from the Department of Defense.

The equipment was delivered in July, 1988 and installed in September, 1988.

Initial operation occurred in October, 1988. Thus, it was necessary to calibrate

the system during the early part of this effort. In particular, procedures were

developed for growing high quality undoped GaAs, n-type and p-type GaAs,

undoped AlGaAs and doped AlGaAs. The WSU MOCVD reactor is discussed

in more detail in Appendix C.

2.2 Carrier Mobility in Undoped GaAs

Hall mobility is plotted versus film thickness in Figure 1 for undoped

GaAs films grown in the WSU reactor. As shown, films have been grown

that exhibit mobilities at 7 °K on the order of 80,000 cm 2Volt-isec- 1. The

films were grown at 650 'C, with a V-HI ratio > 50 and at a pressure of 100 torr.

As noted, the results compare favorably with other published data. The

background dopant concentration was typically in the 1014 cm-3 range. The

undoped films are always n-type due to unintentional Si doping.

2.3 Growth of N- and P-Type GaAs

Procedures were developed for doping GaAs n-type and p-type. N-type
and p-type doping are achieved with substitutional dopants Si and Zn. These

dopants are added as GaAs is being grown by mixing silane or dimethylzinc

(DMZn) with trimethylgallium (TMGa) and arsine. More data have been

accumulated for n-type doping because of the need to vary the doping in the

n-type base of a P/N cell structure. Figure 2 shows results for n-type films

grown at 720 'C. The electron concentration is plotted versus silane flow rate.

Values of electron concentration were measured using a Hall effect

measurement.

3
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Data for the hole concentration in p-type films is plotted versus growth

temperature in Figure 3. Results are shown for two values of DMZn flow

rate. Less data has been acquired for p-type films since our interest for solar

cells has involved emitter layers with the hole concentratiui on the order o.
1018 cm - 3 to 1019 cm 3 -

P-TYPE CARRIER CONCENTRATION vs TEMPERATURE
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0

cc 110

zw
z
0

200 sccm 495 ppm DMZn
>- 0 200 sccm 495 ppm DMZn
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Figure 3. Hole Concentration Versus Film Growth Temperature for I wo Flow Rates for

DMZn.

5



3. MOCVD GROWTH OF AIxGal.XAs FILMS

This section will fir-f discuss how the growth of the films for this s-L ly
was accomplished and will include a tabular summary of the growth

parameters of all specimens. It will then discuss the determination ef the

composition of the AlxGal.xAs films through x-ray diffraction and provide a

figure comparing these experimental values to theoretical calculations.
Finally, the two methods used to determine majority carrier corcentration of

films are discussed and a tabular summary of these resuilts is provided.

3.1 Growth of AlxGal.xAs Films

Trimethilgallium (TMGa) and trimethylaluminum (TMAI) were used

as metalorganic sources fLr all of the film growths and pure AsH 3 served as

the As source. Silane was used as the n-type dopant gas and dimethylzinc as

the p-type dopant source. Palladium-diffused H 2 flowing at a total of 9
liters/min was used as the carrier gas for all precursors. The AlxGal-xAs

films were grown on conductive -.100> GaAs substrates misoriented 20

towards <110>. Once the substrate was loaded into the reactor it was heated to

the growth temperature and kept under a flowing AsH 3 /H 2 ambient for 15

minutes prior to growth to deoxidize the GaAs surface. The metalorganic

sources were then introduced into the reactor and the epitaxial film was

grown at a typical rate of 12 A/sec to a thickness of approximately 4 4m. The

V/II ratio wa3, maintained at a value of 49 for all 2-rowths and the reactor

pressure was 80 iorr.

Table 1 provides a summary of growth parameters for specimens

gruwn for this stu /that includes the intended composition, growth

temperature, and dopant flow rate. Several items are worth noting in the

table. The first is the change in the growth temperature from 720 to 780 °C

beginning with specimen AO-05-30. The increase was necesitated by the poor
quality of the AlGaAs filimis grown up to this point in the study, and it was

hoped that the minority carrier diffusion length would show significant

improvement as a result. The second item to note is the dopant flow rate.

Initially, the flow rates were chosen such that a consistent dopant

concentration was achieved throughout the composition range studied,

however, it was later decided to grow with a consistent flow rate of DMZn for

6



all p-type films to facilitate a measurement of the incorporation of Zn as a
function of composition. The last item to note from Table 1 is whether or not
the eutectic bubbler was in operation during the growth of the film. initially,
the bubbler was inactive and was not activated until the growth of specimen
AO-05-31. The bubbler was activated in an effort to improve material quality
by reducing the concentration of oxygenated impurities reaching the growth
ambient via the arsine source gas.

Table 1. Growth parameters of AlxGal-.xAs films.

INTENDED EUTECTIC

SPECIMEN Tg °C DOPANT FLOW COMPOSITION BUBBLER

AO-02-07 720 DMZn 300 scan A13Ga.As NO

BO-02-07 720 SiH 4 40 sccn AI.jGa.gAs NO

AO-02-13 720 SiH 4 40 sc.n A1.2 Ga.8As NO

AO-05-01 720 DMZn 200 sccm AlJ.Ga.gAs NO

AO-05-02 720 Sill4 30 sccm GaAs NO

AO-05-03 720 DMZn 120 sccm AI.1Ga.9As N O

AO-05-15 720 DMZn 120 sccn Al.jGa.gAs N O

AO-05-30 780 DMZn 120 sccm A1.5Ga.5As NO

AO-05-31 780 DMZn 120 sccm Al.jGa.gAs YES

AO-06-01 780 DMZn 120 scan Al 2Ga.8As YES

BO-06-01 780 DMZn 120 sccn AI.2Ga.8As YES

AO-06-04 780 DMZn 120 sccm Al.lGa.9As YES

AO-06-05 780 DMZn 120 sccm Al.jGa.gAs YES

AO-07-11 780 DMZn 120 sccm AI.4Ga.6 As YES

BO-07-1I* 780 DMZn 120 sccn AI.6Ga.4As YES

A0-07-10* 780 DMZn 120 sccn AI.5Ga5As YES

AO-07-12* 780 DMZn 120 scan Al 1 Ga.9As YES

* for x-ray analysis only

3.2 Aluminum Composition by X-ray Analysis

X-ray analysis was used to determine composition of A1GaAs films. Dr.

Tom Roth of TRW, Inc. carried out the x-ray analysis. Data from TRW

7



included plots of co,tzate (intensity) versus seconds. The difference in the
Bragg angles between the A1GaAs layer and the GaAs substrate is determined
by measuring the distance between the two peaks on the plots, in inches, and
then converting through the constant 50 arc sec/inch. Since the Bragg angle
of the GaAs is known for the wavelength of radiation used, the Bragg angle of
the AIGaAs Lan be determined which leads to the interplaner spacing of the
004 plane (since this is the reflecting plane of the analyzing crystal). Using the
interplaner spacing, the composition of the AlGaAs was determined. A total
of ten specimers (seven different compositions) were sent for x-ray analysis to
determine composition.A plot of percentage AlAs versus TMA1 flow as
determined by x-ray analysis is shown in Figure 4. Shown for comparison is a
line representing the theoretical compositions based or, .he partial pressures
of the source precursors. There are several assumptions used in the
theoretical calculations including a total reactor pressure of 80 torr, an excess
of AsH3 (V/I ratio > 1) in the growth ambient, a Group I total pressure of
0.0222 torr, TMGa and TMAI being held at 0 'C and 20 'C (700 torr),
respectively, prior to entry into the reactor, and TMA1 existing as a dimer in

COMPOSITION OF AIGaAs vs. TMAI FLOW

*Tg=-720*C

STg - 7801C
, 0A - Theorelical

0 0.6

u. 0.4

-I

0
02

0.0
0 15 30 45 6 75

TMAI FLOW (sccm)

Figure 4. Mole fraction AlAs vs. flow of TMAI for WSU Tri-Cities MOCVD reactor. The
squares represent data obtained by x-ray analysis and the solid line represents
theoretical calculations. The following assumptions were used for the
calculations: 80 torr total reactor pressure; Excess AsH 3 ; Group ll pressure =

0.0222 torr; TMGa @ 0 'C and 700 torr; TMAI @ 20 'C and 700 torr; FlowGa = 19.9 -
0.3FlOwAl; TMAI exists as a dimer in the vapor phase.
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the vapor phase. Note the generally good agreement between the
experimental values and the theoretical calculations over the entire
composition range.

3.3 Majority Carrier Concentration Determination

The measurement of the majority carrier concentration in AlGaAs
films was accomplished by capacitance-voltage (C-V) analysis using small Al
Schottky barriers and also using a Polaron electrochemical semiconductor
profiler (the Polaron was also used to determine the thickness of the epitaxial
layers). As discussed previously, by applying the parallel plate expression for
capacitance to the Schottky barrier diode, the capacitance (C) of the depletion
region can be approximated using the depletion region thickness (W). The
depletion region thickness is related to the applied voltage (Va) and the
dopant concentration (ND) allowing the net impurity concentration, N(x), as
a function of Epth to be derived resulting in the following equation:

NWx = -c 3 [dC]-

qe, eA 2 LdVA J (1)

where A is the area of the Schottky barrier diode, er is the dielectric constant
of the semiccnductor, and eo is the permittivity constant. Thus by changing
the reverse bias Va in small increments, the impurity concentration can be
calculated from the slope of the C-V plot. The capacitance is typically
measured as the out-of-phase component of a small ac signal superimposed

on a large dc bias [1]. The system used to run C-V measurements at WSU Tri-
Cities consists of a Princeton Applied Research (PAR) 410 C-V Plotter, an
analog-to-digital (ADC) and digital-to-analog (DAC) converter, and an Apple

I Plus computer. The Apple computer is used to supply the reverse bias to
the DAC which in turn supplies Va to the PAR 410. The PAR 410 measures
and outputs the capacitance of the specimen at each increment of Va to the
ADC which in turn outputs values of C and V to the Apple. A program on
the Apple controls all experimental parameters (e.g. , device area, er, and
conductivity type), data acquisition, and any subsequent data analysis. A
typical experiment involved ramping the bias voltage from 0 to 4 V in 10 mV
increments and collecting the capacitance values at each discrete point. Plots

of C vs. Va and 1/C 2 vs. Va were then constructed using the computer in

9



order to obtain the depletion width at zero bias (one of the values used in

modeling calculations to determine the minority carrier diffusion length) and

the majority carrier concentration, respectively.

During the course of this study the Electronic Materials Laboratory at

WSU Tri-Cities acquired a Polaron Semiconductor Profiler which can be used

to determine the net impurity concentration vs. depth into a semiconductor.

The profiler works by placing the specimen in contact with a known area of

electrolyte and then applying a bias voltage across the semiconductor/

electrolyte interface. Since this is essentially equivalent to the metal Schottky

barrier described in the previous paragraph, data on the majority carrier

concentration can be collected by analyzing C-V data from the depletion

region. The primary difference results from selecting an electrolyte that can

produce a well defined electrochemical dissolution reaction, thus allowing

the region of the semiconductor in contact with the electrolyte to be etched at

a controlled rate. In this manner the majority carrier concentration can be

determined as a function of depth without the increasing bias voltages

inherent to a typical C-V measurement. In addition, by utilizing Faraday's
Law of electrolysis the depth of etching can be determined from the following

equation:

W, -M f ldt

ZFDA (2)

where Wr is the etch depth, M, Z, and D are the molecular weight, valence,

and density of the semiconductor, respectively, F is the Faraday constant, A is

the area of the specimen, I is the current drawn, and t is time. Using this

relation and changes in dopant concentration between layers, the thickness of

the AlxGal-xAs layer could be determined (layer thickness is one of the
parameters used in the modeling calculations to determine diffusion length).

Values determined for the majority carrier concentration of AlGaAs films are

tabulated in Table 2.

10



Table 2. Summary of majority carrier measurements.

DGPANT CONCENTRATION
DOPANT; a-3

SPECIMEN Tg, °C COMPOSITION FLOW C-V POLARON

AO-02-07 720 AI3Ga7As DMZn 9.3 x10 16  -
300 sccm

BO-02-07 720 A11Ga9As SiH 4  2.6 x,0 1 7  1.9 x10 17

40 scan

A0-02-13 720 AI.2Ga.8As Sil 4  5.7x10 1 7  1.8 xl0 17

40 scan
DMZn 15x07-

A0-05-01 720 Al.1Ga.9As 200 sc1.5 x0 1 7

AO-05-02 720 GaAs SiH 4  1.7xl0 17  1.3 x10 17

30 scm
DMZn

A0-05-03 720 Al1'Ga 9gAs 120 1.1 x10 1 7  -

AO-05-15 720 AI.Ga9As DMZn 8.3 x10 16  5.5 x,0 17

120 sccm

AO-05-30 780 AI 5 Ga 5 As DMZn 3.2 x10 16  1.2 x10 17

120 sccm
DMZn

A0-05-31 780 Al'jGa'9As 120 sccm2.2 x0 16  8.7 x0 1 6

A0-06-01 780 A1.2Ga.8As DMZn 2.0 x10 16  
-

120 sccm
BO-06-01 780 AI.2 Ga.8 As DMZn 6.2 x10 16  2.2 x10 17

120 sccmDMZn 29x06-A0-06-04 780 Al1lGa.9As 120 2.9xcm 6

AO-06-05 780 A1,Ga.gAs DMZn
DM n4.3 xl017

AO-07-11 780 AI 4 Ga6As 120- 4.4 x,17

12



4. MINORITY CARRIER DIFFUSION LENGTH OF AIxGal.xAs FILMS

In this section, Schottky barrier fabrication, the approach used for
photoresponse measurements, and experimental results for minority carrier

diffusion length are discussed.

4.1 Schottky Barrier Photoresponse

If a flux of photons, F, is incident on a Schottky barrier, those photons
with E > Eg will be able to create electron hole pairs (EHls). These EHPs can
then be collected as an electric current known as the photocurrent (Iph) or
short-circuit current (Isc). If the metal layer is thin enough to be partially
transparent to light, then some fraction of the incident light can reach the
semiconductor and produce a photoresponse (photocurrent). There are three

different photoeffects that can take place. First, photons can be absorbed in the
metal and excite electrons over the barrier into the semiconductor. Higher

energy photons -are absorbed completely in the depletion region and the
electron-hole pairs are "swept" away by the high electric field (in the
depletion region) before they can recombine at interface states resulting in
excellent collection efficiency at short wavelengths. Lastly, lower energy
photons are absorbed partly within the depletion region and partly within the

bulk of the semiconductor creating electron-hole pairs; the minority carrier
(whether it be an electron or a hole) created within the bulk must then diffuse

to the depletion region edge in order to be collected [2].

The two major contributions to the photoresponse of the Schottky
barrier cell come from the depletion region and from the bulk. The collection
of current from the depletion region is essentially the same as in a p-n
junction device. It is assumed that the high electric field present in the
depletion region sweeps carriers out before they can recombine. As a result

I = I(Depletion Region) + I(Bulk) (3)

where

I(Depletion Region) = qTF[1 - exp(aW)]

12



where I(Bulk) qTFexp(aW)-aL is the transmittance of photons through

the metal film, F is the incident photon flux at a specific wavelength of light,

a is the absorption coefficient, W is the depletion region width, and L is the

minority carrier diffusion length. The reflection of light from the metal

surface and adsorption in the metal film are accounted for in T.

The ccllection of current from the bulk of the Schottky barrier cell is

essentially the same as from the base of a p-n junction device with a
modification due to the less than 100% transmission of light through the
metal film. The collection is dependent upon the minority carriers having
sufficient lifetime (diffusion length) to diffuse to the depletion region. The
above expression for I(Bulk) is based on the assumption that the back contact
(contact other than the Schottky barrier) is ohmic and if the device thickness
is much greater than the minority carrier diffusion length.

The photocurrent can be related to the photoresponse of a Schottky

barrier through the relationship

Ih = QnI'max (4)

where Imax = qF, the maximum possible current assuming each photon
incident upon the semiconductor creates an EI-IP and each EHP is in turn

collected as current, and

Q (External Photoresponse) = T[1 - exp(aW) + exp(aW) L "

1+aL

Qext/T provides an excellent measurement of material quality and is termed
internal photoresponse (Qint). A summary of this information is provided by
Figure 5. In Figure 5a, a photon flux F is incident upon a Schottky barrier

device and the short-circuit current (Isc) is being measured. Figure 5b depicts a
band diagram of the same device showing electron hole pairs being created
within the depletion region width, W, and also outside of the depletion
region. Electron hole pairs created within the depletion region are
immediately swept out by the high electric field present within the region, but

in order for EHPs created outside this region to be collected the minority
carriers (holes) must diffuse to the depletion region. Thus, carriers must be
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created within the minority carrier diffusion length (L) in order to contribute

to the photoresponse.

The presence of a large number of interface states could lead to Fermi

level pinning at the surface and would result in a region of effectively "dead"

material that would not contribute any EHPs to the device current. The effect

of a dead layer can be included in the Schottky barrier model by rewriting the

depletion region photocurrent as

I(Depl. Region) = qT(l)F(I){exp(-ad) - exp(-aw)} (5)

Fh v

Metal.--- \\\\\

Semiconductor

(a)

Metal Semiconductor

(b)
Figure 5. Shown are (a) a Schottky barrier device being measured for 'sc with photon flux

Fhn, and (b) the associated band diagram. Note that 'sc = QextImax where 'max
- qF, Qext = TQint, and Qint = [(1-exp(-aw) + exp(-aw)(aL/l+aL)].
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where d is the thickness of the region of dead material. The effect of

including a dead layer region in the Schottky barrier model is to decrease the

photoresponse of the device in the shorter wavelength (350 to 450 nm)

region.

4.2 Fabrication of Schottky Barriers

Schottky barriers were fabricated by vacuum depositing aluminum

onto the semiconductor surface. Specimens were prepared for deposition

(after being removed from the MOCVD reactor) by rinsing them in deionized

(DI) water, rinsing them in methanol, and finally blowing them dry with

nitrogen gas. The specimens were then loaded into masks specially designed

to produce a Schottky barrier of appropriate size for photoresponse

measurements (large enough to allow the entire beam to fall within the

device area) and also several Schottky barriers to be used for C-V and DLTS
measurements in order to determine majority carrier concentration and the

presence of deep level traps, respectively. After the --pcC:inens were placed

into the masks, they were loaded irao the vacuum deposition system along

with a quartz witness and the system was pumped down to a typical

deposition pressure of 7 x 10-6 torr. In order to achieve acceptably low sheet

resistivities and adequate transmittances, the thickness of the aluminum

films was limited to values between 70 and 95 A. Thus, a typical deposition

would last five or six seconds (the deposition rate being between 13 and 18

A/sec). After deposition, the specimens were removed from the vacuum

system, and ohmic contacts formed on the front surface of the device by

mechanically applying (with teflon coated tweezers) small squares of indium

and then alloying them with the semiconductor by applying heat locally. In

some cases this simple method would not produce ohmic contacts requiring

an additional "burn-in" step that involved passing a current of 0.15 mA (at 35

volts) between two squares of indium placed in close proximity on the

semiconductor surface in addition to the previous steps.

4.3 Photoresponse Measurement

After forming the necessary contacts, the specimens were now ready for
photoresponse analysis. The photoresponse system consisted of a tungsten

filament light source with intensity controlled by a Variac voltage regulator,

two separate high-intensity monochromators covering the wavelengths 350
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to 700 nn and 710 to 1200 nm, respectively, a light chopper to minimize any

possible effects from external sources, and two photomultipliers (one for

photoresponse and one for reflectance measurements) that were connected to

a power ratiometer. Data acquisition was accomplished through a program

run on an Apple II computer that was interfaced to the power ratiometer.

Once the data was obtained, it was transferred from the Apple II to a Prime

minicomputer to facilitate data reduction and analysis using computer codes

previously developed at WSU Tri-Cities.

The external photoresponse is determined by measuring the

photocurrent produced by a device for a known incident photon flux (or

Imax). The internal photoresponse is determined from Qint = QextiT. T for a
given device is calculated from the measured optical constants for the

ajuminum film deposited on a quartz witness.

In order to determine the optical properties (n and k values) of the Al

film, transmittance and reflectance data were taken for the quartz witness.

Reflectance data was acquired by placing a non-reflecting piece of black rubber

between the quartz witness and the gold-plated hold-down chuck and then

following the same procedure for measuring the reflectance as used for the

Schottky barrier specimens described previously. Transmittance values were
acquired via a two-step process. At each wavelength the value of the

reference channel on the power ratiometer was recorded with and without

the quartz witness inserted directly in the beam in front of the

photomultiplier. The ratio of the two was then determined to be the

transmittance of the Al film. In order to obtain the actual reflectance values,

data from the ratiometer was entered into a computer analysis program. The

n and k of the Al films were determined with a computer-aided analysis that

utilizes values of T and R for each photon wavelength and the optical

constants of quartz.

After determining the optical properties of the Al film and measuring
the photoresponse and reflectance of the Schottky barrier device, a data file

was constructed that contained the n and k values of the Al film at each

photon wavelength, the n and k values of the AlxGal..xAs at each photon

wavelength, the AlxGaj-xAs layer thickness, the depletion width, the

thickness of the dead layer (included only if needed to fit data), the diffusion
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length, the diffusivity of the AlxGal-xAs (a constant), the back surface

recombination velocity (assumed to be a constant for these devices), and the

bandgap of the semiconductor. The data file was then entered into a

modeling program that calculates the external (Qext) and internal (Qint)

photoresponse. The value of diffusion length is then varied until the

calculated Qint agrees with the measured Qint at all wavelengths.

4.4 Diffusion Length in AlxGal.xAs Films

The first specimens to be grown and analyzed were two n-type films

with composition Al. 1Ga.9As (A0-02-13) and Al.2Ga.sAs (BO-02-07) and a p-

type film with composition Al.3Ga.As (AO-02-07). All three films were

grown at a temperature of 720 'C (this temperature was chosen because it was

the growth temperature in use for actual device structures at the time this

study was initiated). Modeling of the photoresponse data revealed that the

minority carrier diffusion length of each of these three films was zero as

shown in Figures 6, 7, and 8. These results were unexpected since finite

diffusion lengths had been measured by a group at Varian [3] for p-type

material over the composition range 0.28< x 50.53. After characterizing these

films, emphasis was placed on p-type films with low aluminum content (x <

0.20) to increase the probability of producing material with a finite diffusion

length. With these considerations in mind the next film to be grown, AO-05-

01, had composition x = 0.10 and p-type conductivity. Modeling of

photoresponse data, however, again revealed a minority carrier diffusion

length of zero as shown in Figure 9, thus creating some doubt as to the

validity of the measurement technique. As a result the approach was applied

to n-type GaAs (AO-05-02). A diffusion length of approximately 4.5 m was

determined for the n-type GaAs film by modeling of the photoresponse data

shown in Figure 10.

The quality of the fit to the data by the model and the good agreement

between the resulting value for the diffusion length and results obtained

previously for GaAs homojunction devices restored confidence in the

measurement technique and attention was again turned toward p-type

AlGaAs of low aluminum content. Specimen AO-05-03 (p-type; Al.1Ga.9As)

was next in the growth sequence and modeling of the photoresponse data

indicated a diffusion length of 0.20 pim as shown by Figure 11, the first
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measurement of a finite diffusion length in an AlGaAs specimens grown for

this study. All of the AlGaAs specimens discussed thus far were grown

directly on GaAs substrates and while it is not likely that this could have been

a source of problems in achieving finite minority carrier diffusion lengths in

the AlGaAs films, it was decided to study this possibility by growing an

epitaxial GaAs buffer layer between the substrate and the AlGaAs. Thus the

next film in the series, AO-05-15, was grown under the same conditions as AO-
05-03 but with a GaAs buffer layer included in the structure. Modeling of the

photoresponse data, as shown in Figure 12, indicated that the diffusion length

of this film was zero. The absence of a finite diffusion length in AO-05-15

with the inclusion of a GaAs buffer layer thus served to show that growing

the AlGaAs films directly on a GaAs substrate was probably not a limiting

factor in the film quality.

For the next film in the series, AO-05-31, it was decided to continue to

grow at the higher growth temperature of 780 'C and to also activate an Al-

Ga-In eutectic metal bubbler on the arsine source gas line. The reason for

activating the bubbler was to try and remove any oxygenated impurities from

the arsine source gas prior to reaching the reaction chamber by reacting them

with bare Al metal to form A120 3. The removal of these oxygenated

impurities has been shown to improve the quality of MOCVD A1GaAs by

other researchers as mentioned previously. Photoresponse data were

acquired and modeled with the results shown in Figure 13. The diffusion

length of approximately 0.40 .im in film AO-05-31 was encouraging because it

was the second AlGaAs specimen to exhibit a finite value. However, it had

been hoped that the increase in growth temperature and the introduction of

the eutectic bubbler would produce a more dramatic impact on the diffusion

length. Based upon the results of AO-05-31, it was decided to examine

whether or not the increase in Tg along with the introduction of the bubbler

would result in finite diffusion lengths for films of higher Al content.

Specifically two films of composition Al.2Ga.8As, one with a GaAs buffer

layer (AO-06-01) and one without (BO-06-01), were grown and analyzed. The

photoresponse data and modeling comparisons for these specimens are
shown in Figures 14 and 15. Note that the increase in Tg and the inclusion of
the eutectic bubbler were not sufficient, at this time, to produce finite
diffusion lengths in films with composition x > 0.10.
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Since the activation of the bubbler had resulted in a finite diffusion

length for specimen AG-05-31 (x = 0.10) but not for the two specimens with

x = 0.20, it was decided to grow a series of several x = 0.10 films with the

bubbler in operation in order to measure the effect of the bubbler on the

diffusion length with time. If the bubbler was actually removing oxygenated

contaminants from the arsine source gas, then the cleanliness of the arsine

line downstream from the bubbler should have improved with eacni growth

run and resulted in higher quality AlGaAs. The text film in the growth

series, AO-06-04, had a modeled diffusion length of approximately 0.50 gm as

shown in Figure 16. This was an encouraging result since it was the second

consecutive x = 0.10 film to exhibit a finite diffusion length with the bubbler

activated, and the diffusion length improved slightly (from 0.40 to 0.50 4m).

The next film, AO-06-05, continued the trend of improved diffusion length in

x = 0.10 films with the bubbler activated as modeling indicated that

Le = 0.60 pm as indicated in Figure 17 Results for photoresponse studies of

AlGaAs films are summarized in Table 3.
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INTERNAL PHOTORESPONSE AO-02-07
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Figure 6. Internal photoresponse versus wavelength for specimen AO-02-07 (x = 0.30;
p-type). Modeling indicated material of poor quality as Le = 0.00 jim and a dead
layer thickness between 300 and 400 A. Other values used for the modeling
calculations were: H = 4.9 pm, W = 0.08 pim, DB = 5.3 cm 2 /sec,
SBack = lxl08 cm/sec, and EGap = 1.82 eV.

INTERNAL PHOTORESPONSE BO-02-07
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Figure 7. Internal photoresponse versus wavelength for specimen BO-02-07 (x = 0.10; n-
type). The photoresponse indicated poor material quality as modeling revealed
a diffusion length of zero and a dead layer thickness between 180 and 250 p.m.
Other values used for the modeling calculations were: H = 3.7 gm, W = 0.15 im,
DB = 5.3 cm 2 /se, SBack = lxlO8 cm/sec, and EGap = 1.55 eV.
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INTERNAL PHOTORESPONSE AO-02-13
100 

a AO-02-13
atX - 0.20; n-TYPE AIGaAs - o A Dead Layer

so00100 OA Dead Layer
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z
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Figure 8. Internal photoresponse versus wavelength for specimen AO-02-13 Ux 0.20;
n-type). Each - represents an actual data point while the lines represent
theoretical fits that utilized the following values: H = 5.1 pm, W = 0.10 pm,

L= 0.00 Wm DB =5.3 cm2 /sec, S back = 1x'10 8 cm/sec. and EGap = 1.69 eV. The
difference in the three lines lies ir the thickness of the dead layer as indicated in
the plot legend.

INTERNAL PHOTORESPONSE AO-05-01
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Figure 9. Internal photoresponse versus wavelength for specimen AO-05-01 Ux 0.10;
p-type). Experimental data are represented by - while the lines represent
theoretical fits. Values used for the theoretical fits were: H = 4.1 pm,
W = 0.15 pmfl, Le = 0.00 g±m, DB = 5.3 cm2 /se, S Back = Ix108 cm/sec. andI EGap = 1.55 eV. The dead layer thickness is the variable in each fit and the

values are included in the plot legend.
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INTERNAL PHOTORESPONSE AO-05-02
100

* a AO-05-02
-No Dead Layer
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0
350 450 550 650 750 350 950

WAVELENGTH (nm)

Figure 10. Internal photoresponse, versus wavelength for a n-type GaAs specimen (AO-05-
02). The experimental data (1 are modeled closely assuming an Lpof 4.5 4mn and
a dead layer thickness of 30 A as indicated. Other values used in the modeling
calculations were: H = 3.2 ±im, W =0.20 pim, DB = 5.3 cm2/sc'c,

S Back = 1 xl1 8cm/sec, and EGap =1.42 eV.

INTERNAL PHOTORESPONSE AO-05-03
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Figure 11. Internal photoresponse versus wavelength for specimen AO-05-3 (x 0.10;
p-type), the first AlGaAs layer to exhibit a finite diffusion length. The
experimental data are modeled closely assuming an Le Of 0.20 pim and a dead
layer thickness of 250 A. Other values used for the theoretical modeling
included; H = 3.9 gm, W = 0.18 pm, DB = 5.3 cmn2 /sec, S Back = 1x1l8 cm/sec. and
EGap = 1-55 eV. The difference in the modeled curves is a result of varying Le as
indicated in the plot legend.
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INTERNAL PHOTORESPONSE AO-05-15
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Figure 12. Internal photoresponse versus wavelength for specimen AO-05-15 (U 0.10 P~m; ptype). Grown using the same growth parameters as the previous film, itexhibited a near zero diffusion length (Le = 0.02 Po) demonstrating thevariability in material quality from run to run. Other values used in themodeling calculations included; H = 4.3 W, W = 0.20 pmr, DB = 5.3 cm2/sec,

SBack = lx108 an /sec, and EGap = 1.55 eV. The difference in the modeled curves
is due to differing dead layer thicknesses as noted in the plot legend.
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Figure 13. Internal photoresponse versus wavelength for specimen AO-05-31 (x 0.10;p-type), the first AlGaAs layer grown with the eutectic bubbler in operation.Modeling revealed a diffusion length between 0.30 gm and 0.5r-0 Pm (assuming a200 A dead layer). Other values used in the modeling were: H = 3.8 pr,W = 0.20 I.m, DB = 5.3 cm2/sec, SBack = 1x108 cm/sec, and EGap = 1-55 eV.
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INTERNAL PHOTORESPONSE AO-06-01
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Figure 14. Internal photoresponse versus wavelength for specimen AO-06-01 (xU 0.20;I-ye.Gonwihteetci bubbler in operation it was hoped that this
wudbe the first film with x > 0.10 to show a finite diffusion length, but this
wsntthe case as modeling indicated Le =0.00 pm (with a 200 A dead layer).

Ote values used in the modeling were: H =3.7 pm, W = 0.18 pm,
DB = 5.3 cm2 Isec, S~ack = 14108 cm/sec, and EGap =1.69 eV.

INTERNAL PHOTORESPONSE BO-06-01
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Figure 15. Internal photoresponse versus wavelength for specimen B0-06-01 (x =0.20;Ip-type). Identical to AO-06-01 with the added addition of a GaAs buffer layer,

this film also exhibited a diffusion length of zero. Other values used in the

moeigwere: H = 5.6 pm, W = 0.12;pm, DB -5.3 cm2/sec, S Back = jx10 cm/sec.
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INTERNAL PHOTORESPONSE AO-G6-04
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Figure 16. Internal photoresponse versus wavelength for specimen AO-06-04 (x =0.10;

p-type). Of interest is the improvement in Le from 0.40 gim (A0-05-31) to 0.50 pim
(AO-06-04) for material grown using identical growth parameters, indicating that
the bubbler was having a positive impact on material quality. Other values used
in the modeling calculations were: H =:6.0 pm, W = 0. 15 pim, DB = 5.3 crn2/sec,
S Back = 1x10 8 cm/sec. dead layer thickness = 250 A, and EGap = 1.55 eV.
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Figure 17. Internal photoresponse versus wavelength for specimen AO-06-05 (xU 0.10;
p-type). Note that the diffusion length improved to approximately 0.60 g~m
indicating that the bubbler was continuing to improve material quality. This
specimen exhibited the longest diffusion length of any AIGaAs film grown for
this study. Other values used in the modelin calculations were: H = 3.4 pim,
W= 0.18 pim, DB =5.3 cm-2 /sec, SBc = 1x10 cm/sec. and E~iap = 1.55 eV. The
dead layer thickness was varied as indicated by the plot legend.
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Table 3. Summary of photoresponse modeling results.

COMPOSITION AND DEAD EUTECTIC
SPECIMEN Tg, 0C CONDUCTIVITY TYPE L, P.M LAYER, A BUBBLER

AO-02-07 720 A1.3 Ga.7As 0.00 -300 No
p-type

BO-02-07 720 A'I1Ga-gAs 0.00 -200 No
n-type

AO-02-13 720 A 2Ga' 8As 0.00 ,100 No
n-type

AO-05-01 720 AI'Ga'gAs 0.00 400 No
p-type

A0-05-02 720 GaAs 4.50 -30 No
n-type

AO-05-03 720 Aj'Ga'9 As 0.20 -250 No
p-type

AO-05-15 720 AI.jGa.9As 0.02 -220 Nop-type

AO-05-30 780 AI.5Ga5As 0.00 -300 No
p-type

AO-05-31 780 AI'IGa'9As 0.40 - 200 Yes
p-type

AO-06-01 780 A1.2Ga.8As 0.00 - 200 Yes
P-type

BO-06-01 780 Al.2G.8As 0.00 -150 ' es
p-type

AO-06-04 780 Al1.Ga9gAs 0.50 -250 Yes

p-typeAO-06-05 780 jGa.gAs 0.60 -100 Yesp-type

AO-07-11 780 A).4Ga.6As 0.00 =250 Yes

p-type

4.5 Discussion of Results for AlGaAs Films

4.5.1 Necessity of Dead Layer in Modeling Calculations

As noted above, it was found necessary to include a "dead layer" region
in the modeling calculations to achieve a reasonable fit to the data in the

short wavelength (350 to 450 nm) region. The model developed by Hovel
assumes that nearly all of the EHPs created in the depletion region are

collected due to the high field, as discussed previously. The photoresponse
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for the films in this study, especially AlxGal.xAs, tended to fall off in the short

wavelength region indicating a need to alter the equation representing the

depletion region current in the modeling. The inclusion of a dead layer

assumes that the films have a defective surface immediately beneath the

Schottky barrier that does not allow EHPs created in the region to be collected.
Specifically, it was typically needed to assume the first 150 to 250 A
contributed no EHPs to the photoresponse. A representative diagram of this

situation is given by Figure 18. It is interesting to note, however, that the

thickness of the dead layer for the n-type GaAs specimen was only 30 A as

indicated in Figure 10 pointing to some difference in the behavior of GaAs

and AlxGal-xAs. The presence of the dead layer region may be due the growth

procedure itself. After film growth is complete a flow of AsH 3 is maintained
in the reaction chamber as the susceptor is cooled down from the growth

temperature. Since this flow of AsH3 may allow As atoms to move into the

AlxGa1-xAs lattice without an accompanying Ga atom, Ga vacancies could

result. The presence of a high density of Ga vacancies could play a significant

role in the formation of a dead layer in these Schottky barrier devices. The

dead layer may also be due to procedures leading up to and including the

deposition of aluminum to form the Schottky barrier. This is an area that
needs to be studied in closer detail.

4.5.2 Evidence Supporting Oxygen Contamination

Initially, a major objective of these studies was to study the diffusion

length of n-type AlxGal-xAs as a function of composition. The initial

photoresponse results on low Al content AlxGal-xAs films indicated material

of very poor quality, a somewhat unexpected result based on the results of the

study conducted by Ludowise and Dietze [31 where p-type AI0.28Ga0.72As had a

modeled diffusion length of =1.6 pim and even high aluminum content

A10.53Gao.47As exhibited a finite diffusion length of = 0.2 pin. The poor
quality of the first four films, AO-02-07, BO-02-07, AO-02-13, and AO-05-01

indicated that oxygen contamination was a problem in the growth system

even though it had been thoroughly leak-checked prior to growth. These
initial results would seem to indicate that oxygen contamination was a

problem and that the source of contamination was probably one or more of.

the growth precursors (TMA1, TMGa, or AsH 3).
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Figure 18. Shown above are (a) the physical representation of the Schottky barrier device
including the dead layer, and (b) the corresponding band diagram.

I The next result to support the existence of an oxygen contamination
problem was the modeled diffusion length of 4.5 gm in n-type GaAs (AO-05-
02). This result proved that photoresponse analysis of Schottky barriers was a

valid technique to determine the minority carrier diffusion length and it also

showed that the WSU Tri-Cities MOCVD reactor was capable of producing
high quality semiconductor films. Since it has been shown that the presence
of oxygen has no discernible effect on the quality of MOCVD grown GaAs [4,

51, it is not surprising that high quality GaAs was able to be grown.
Specifically, the study by Wallis [5] showed that the intentional injection of
oxygen into the gas stream had no effect on the concentration of a deep level
trap that was always present in the GaAs layers and also that no new deep
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traps were created with the intentional injection of 02. In contrast, even

when oxygen was injected in very low concentrations during AlxGal-xAs

growth, a sharp decrease in the net donor density (ND - NA) resulted in

highly resistive layers, and a deep level trap located at = 0.4 eV below the

conduction band (for x < 0.05,) was introduced in high concentrations (>1015

cm-3). Similarly, in the study by Tsai [4], an oxygen-related 0.8 eV PL peak did

not occur at all in MOCVD grown GaAs, but dominated the PL spectra for

AlGal-.As (x : 0.06) grown under the same conditions. The results of both of

these studies indicate that high quality GaAs can be grown in an MOCVD

reactor regardless of oxygen contamination, while the quality of AlxGal-As is

very dependent on oxygen incorporation.

Many techniques have been employed to improve the quality of

MOCVD grown AlxGal..xAs by reducing the concentration of oxygenated

impurities in the film and several have already been discussed in this report
(i.e., graphite baffles, eutectic bubbler, and higher growth temperatures). Two

of the techniques were used in this experiment, a higher growth temperature

and a eutectic bubbler on the AsH3 source gas line. The next section will

examine these two factors more closely and the impact they had on the
quality of the AlxGal-xAs films grown for this study.

I
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5. EFFECT OF EUTECTIC METAL BUBBLER ON AIxGalixAs QUALITY

One approach to improving the diffusion length in AlGaAs films

consisted of using a eutectic metal bubbler on the arsine line. Results indicate

that incorporation of the bubbler had a greater impact on materials quality

than the change in growth temperature.

5.1 Operation of Bubbler

The purification of process gases, particularly arsine, using an Al-Ga-In

eutectic metal bubbler has been found to significantly improve the quality (as

measured by PL) of MOCVD grown AlGaAs [6, 7, 81. The technique was first

described and used by Shealy [9] to remove water vapor and oxygen from

hydrogen and nitrogen and then in a following study [8] it was used to

remove oxygen and moisture from the arsine source gas used for the MOCVD

growth of AlGaAs. They prepared a two-phase solution consisting of the

Iliquid ternary saturated with aluminum and solid aluminum in order to
assure the solution remained saturated with aluminum as aluminum was

I consumed through oxidation. The main advantages associated with using

aluminum to getter oxygen are the stability and low vapor pressure of its

oxide (A120 3). The use of solid metallic aluminum is not an effective means

to getter oxygen due to this inherent stability of the native oxide which

protects it against further oxidation. The Al-Ga-In ternary melt is a

convenient method of assuring that a continuous supply of bare aluminum

metal will be available to react with oxygen and moisture at room

temperature. As it is formed, the aluminum oxide floats to the top of the

melt.

Once the bubbler is in place, operation is quite simple as it only

involves flowing (bubbling) the process gas through the melt at room
temperature to allow any water vapor or oxygen present to react with

aluminum prior to reaching the reaction chamber. Presently it is generally

accepted that the growth of high quality AlGaAs by MOCVD requires the use

of gettering on the arsine line (usually in the form of an eutectic bubbler) .at a

minimum, and may require gettering on every line entering the reaction
chamber. The eutectic bubbler incorporated into the MOCVD system used to'
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grow films for the present study relies on the same basic principle as the one

used by Shealy.

5.2 Effect on Minority Carrier Diffusion Length

Initially, films were grown without the eutectic bubbler in operation

and it proved to be difficult to grow AlxGal-xAs films with a finite diffusion

length even at the low aluminum content of x = 0.10. As a result, only one of

the AlGaAs films grown prior to activation of the bubbler, AO-05-03 (x = 0.10),

exhibited a significant finite diffusion length (0.20 gim). Once the bubbler was

activated and included as a part of the growth process, growing AlGaAs films

(x = 0.10) with a finite diffusion length proved to be an easier task. A finite

diffusion length of 0.30 gLm was measured for the first film grown with the

bubbler in operation, AO-05-31, and the diffusion length increased with each

successive growth run producing x = 0.10 films. During the course of this

study Le (in x = 0.10 material) reached a maximum value of approximately

0.60 im for film AO-06-05. The internal photoresponse data for all of the 10%
films grown for this study are shown in Figure 19. Note the general

Oint FOR X = 0.10 p-TYPE AIGaAs
1 0 0 1 . . . . . . .

Ui om N AO-05-03

z a I8* 0 AO-05-1 5

U) low 0.41 a 0 AO-05-31
LU~~ 600 o

0 a 4 on.1 AO-06-04
- 4 .

-
cc 20

350 450 55O M 756 Is@ 980

WAVELENGTH (nm)

Figure 19. Internal photoresponse versus wavelength for x = 0.10 (p-type) specimens. Note
the general improvement in photoresponse with time (specimens listed in
chronological order with AO-05-01 being grown first and AO-06-05 being last) and,
more specifically, the large increase upon introduction of the eutectic metal
bubbler (activated for the first time during the growth of specimen AO-05-31).
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improvement in response for the last three films (AO-05-31, AO-06-04, and AO-
06-05) which were grown with the bubbler in operation. The gradual increase

in the diffusion length for the x = 0.10 films with the bubbler activated

probably indicated that the arsine source gas entering the reaction chamber

was becoming increasingly pure (i.e., less oxygenated impurities). It has been

mentioned by other authors [3] that the difficulty in obtaining high quality

AlxGal-xAs is due to the extreme sensitivity of the minority carrier diffusion

length to trap densities. The density of traps, in turn, depends on the high

sensitivity of the MOCVD growth process to background impurities (02 and

H 20) in the growth ambient. Thus it could be argued that the bubbler was

probably removing one source of oxygenated contaminants from the growth

ambient, thereby reducing the total trap concentration and increasing the

minority carrier diffusion length.

If oxygen and water vapor in the arsine source gas were the primary

contaminants in the AlGaAs films, then the increase in Le with each

successive growth run with the bubbler in operation is to be expected due to

the increasing degree of cleanliness of the arsine line downstream from the

bubbler. Because there is a finite limit to the cleanliness of the arsine line, it

is expected that Le should reach some peak value and remain on a plateau

until the effectiveness of the bubbler starts to diminish due to the

consumption of free aluminum from the ternary melt (assuming all other

growth conditions remain constant). As the availability of aluminum

decreases, the amount of contaminants passing through the bubbler will start

to increase and should be reflected by a subsequent decrease in minority

carrier diffusion length.

Even with the bubbler in operation, however, it proved to be
intractable to grow a film with composition x > 0.10 exhibiting a finite

diffusion length during the course of the study. The failure to achieve a finite

diffusion length for any specimen with composition x > 0.10 could have

several possible explanations. The improvement in Le for the x = 0.10 films

indicates that the purity of the arsine source gas entering the reaction

chamber was probably increasing, but it may still have contained oxygenated
impurities at levels high enough to be readily incorporated into AlGaAs films

of higher aluminum content resulting in oxygen concentrations that were
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severely detrimental tc material quality. If this was the case, the continued
use of the bubbler should further improve the cleanliness of the arsine line
downstream from it and hence the arsine source gas arriving at the reaction

chamber. Thus, with time it should be expecLed that the AlGaAs material
quality will continue to improve resulting in finite diffusion lengths for
material of higher aluminum content. If the continued use of the bubbler
does not produce finite diffusion lengths in higher Al content material, it
would indicate that there is probably another source of oxygenated
contaminants in the MOCVD system.

It could also be argued that the increase in growth temperature from

720 to 780 °C was responsible for the improvement in material quality since it

has been demonstrated previously that higher growth temperatures produce
higher quality AlGaAs layers [4, 6, 10, 11, 121. If the growth temperature was
the primary factor influencing the minority carrier diffusion length of the

AlGaAs films in this study, however, little if any improvement should have
beer. gained with successive growth runs after the temperature was initially
increased for film AO-05-31. Because the increased temperature only effects
the area in close proximity to the susceptor and does not serve to increase the
cleanliness of the reactor, it is believed that its full impact would have been
realized on the first growth run and no further improvements would have
been gained. Since Le increased with each successive growth run after

AO-05-31 for films of identical composition, it can be concluded that an
additional factor besides the increase in Tg was working to improve the

AlxGa.-xAs quality. Therefore, while the increase in Tg probably helped to
improve material quality, it appears that the bubbler had a more significant
impact on the improvement in Le.
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6. GaAs SOLAR CELL GROWTH AND FABRICATION

During the first year of this program, efforts were focused on growth of

GaAs and fabrica ion of GaAs solar cells. Rapid progress was made such that

highly effient cells were fabricated.

6.1 Ep:- Layer Structure

Epitax Al layer structures as described by Figure 20 were groA n with the WSU

reactor 1or GaAs solar cell studies. The as-grown epi-wafer included a GaAs

cap layer 4,at provides protection for _ie 90% AIGaAs window layei, and is

used for establishing the front conta, as depicted in the figure After forming

contacts to the ifrcnt surface (bus bar and grid fingers), the remainder of the

cap layer is removed except for the region under the contacts. The back

AIGaAs reflector layer contains 30% Al.

6.2 PIN Solar Cell Fabrication and Characterization

GaAs P/N solar cells have been fabricated as described by Figure 20 that
exhibit AM1 efficiencies greater than 21%. These results are very good, and

essentially place the Electroic Materials Group at WSU Tri-Cities at the

forefront of GaAs solar cell research. Illuminated current voltage

characteristics for one of many cells with an efficiency > 21% are given in

Figure 21. Typical results for the internal photorespoihse (quantum

?fficiency) are plotted in Figure 22. Interpretation of the photoresponse data

with tlieory indicates the following minority carrier properties:

L(Emitter) > 5 im

L(Base) > 4 pm
S(Front) > 104 cm/se-
S(Back) > 104 cm/sec

Further improvements can be made in the cell structure and MOCVD growth
methods that would lead to efficiencies > 23 %. However, the cell properties

reported here represent state-of-art results.

Considerable effort was devoted to intt.'preting the photoresponse rnd

current voltage characteristics of Ga \s cells. Two papers concerning this

work are listed in Appendix B.
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I

Figure 20. Layered Structure of GaAs Solar Cell Grown and Processed at WSU Tri-
Cities.
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Figure 21. Illuminated I-V Characteristics of WSU Tri-Cities Cell Coupled to

Approximate AM1.5 Illumination.
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Figure 22. Internal Photoresponse for High Efficiency GaAs Cell.
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APPENDIX B

Publications

"GaAs Solar Cell Photoresponse Modeling Using PC-ID," presented at the

10th Space Power Research and Technology Conference, Nov. 7, 1989,

NASA Lewis Research Center, Cleveland, Ohio. To be published in

conference proceedings.

'TC-1D Modeling of Depletion Layer Recombination in GaAs Solar Cells,"

accepted for presentation at 21st IEEE Photovoltaic Conference, May 21,

1990, Kissimmee, Florida. Will be published in conference

proceedings.

II
I
I

I

I

I



I|

I APPENDIX C

IAn MOCVD system can be broken down into four major subsystems:

(1) the gas handling system including the growth precursors and carrier gas

Iand also all of the associated plumbing and instrumentation necessary to

control gas flows; (2) the reaction chamber and associated heating system in

which the pyrolysis reactions and subsequent material deposition occur;

(3) the exhaust and/or low-pressure pumping system; and (4) the process

control system which controls the entire growth process. Only (1), (2), and (4)

will be discussed here. A schematic of the WSU Tri-Cities reactor, a

SPI-MO CVD 500XT, is shown in Figure C-1.

1. The Gas Handling System

The gas handling system is designed to deliver precisely controlled

amounts of uncontaminated growth precursors to the reaction chamber. This

must be accomplished without transients, due to changes in either pressure of

flow, that may degrade material quality. The Spire 500XT MOCVD system has

four metalorganic (MO) channnels ind five hydride channels for transporting

the growth precursors. The MO channels consist of a temperature controlled

bubbler containing one of the metalorganic sources (such as

trimethylgallium) that is fed by a palladium-diffused hydrogen carrier gas and

also incorporated is a separate hydrogen boost line to increase reactant

transport speed. In addition, the pressure of each bubbler is independently

controlled during low-pressure growth. Two of the hydride channels are

dedicated to arsine and phosphine, and include eutectic alloy bubblers whose

purpose is to remove any trace water and oxygen from the source gas. The

remaining three hydride channels are intended for dopants and are equipped

with dilution networks allowing controlled flows ranging from 0.05 sccm to

200 sccm. All of the channels are controlled by electronic mass flow

controllers, and are injected directly into the vertical barrel reaction chamber

by a radial manifold. The valving scheme utilized allows the precursors to be

switched from a run (growth) mode to a vent mode. This facilitates a

complete purging of the plumbing system prior to injection into the reaction

chamber, and allows injection stoppage without having to flush excessive
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lengths of plumbing. All critical valves and all of the mass flow controllers
are interfaced to the Process Control center noted in Figure C-1.

2. The Reaction Chamber and Heating System

The Spire 500XT has a vertical barrel reactor that is capable of allowing

five two-inch or three three-inch wafers to be processed in a single growth

run. A ferrofluidic seal transmits rotational motion to the slicon carbide

coated susceptor, allowing it to turn at 0-10 rpm. The reaction chamber is

constructed of double walled quartz, and in order to minimize any parasitic

reactions cooling water is circulated between the walls. Each end of the

chamber is sealed by double concentric O-rings and a quadrupole mass

spectrometer is used to detect any leaks in the seals. The susceptor (upon

which the growth substrate rests) is heated by radiofrequency (rf) induction

and can be set to any temperature in the range 200 to 10000 C. The 500XT

reaction chamber pressure can be controlled from atmospheric pressure (760

torr) to as low as 76 torr for low-pressure growth.

4. Process Control

An IBM AT computer in conjunction with a Siemens controller,

maintains and controls all reactor functions. During an individual growth

run over one-thousand separate growth steps are allowed, with each step

setting gas flows (to both run and vent), chamber pressure, susceptor

temperature and rotation, and length of step. The susceptor temperature, gas

flow rate, and chamber pressure can all be ramped linearly or functionally.

Two video display terminals are used to monitor the values of all parameters,

and these values can also be stored into computer memory. The computer is

also assigned the task of monitoring the many safety interlocks built into the

500XT and can warn the reactor operator if a questionable situation arises or

automatically shut the reactor down into a safe mode if the condition

warrants such action. The emergency shutdown does not require house

electricity, and thus can proceed even in the event of a complete power
failure.
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