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1. Modelling of Radiation Damage Due to Electron and Proton Irradiation

1.1 Introduction

The purpose of this research project was to evaluate the performance of the proton- or electron-
irradiated single junction and multijunction solar cells. This study was an extension of the work
previously done under contract to WPAFB on theoretical calculations of displacement damage in
the proton- or electron- irradiated AlIGaAs/GaAs/InGaAs and AlGaAs/GaAs/Ge multijunction
solar cells (contract No. F33615-81-2058).

In this report a modified theoretical model for computing the short-circuit current (I,.) degra-
dation in the proton- or electron- irradiated (AlGa)As-GaAs single junction solar cells is presented.
In this model we assume that the radiation- induced displacement defects form an effective recom-
bination center which controls the electron and hole lifetimes in the junction space charge region
and in the n-GaAs active layer of the irradiated GaAs p-n junction cells. In order to determine the
I,c degradation, the displcement defect density D(E), path length P, range R, reduced energy after
penetrating a distance x and the average number of displacement formed by one proton or electron
scattering event were calculated first. The improvements of our modified model are threefold: (1)
Instead of using equal capture cross sections for both electrons and holes it uses the electron- cap-
ture cross section in the p-diffused layer and the hole-capture cross section in the n-base layer. (2) It
uses the wavelength- dependent absorption coefficients, not an average absorption coefficient. (3) It
considers the reduced energy of incident electons or protons after penetrating through the window

layer. As for the multijunction solar cells cases, this model is still valid and will be elaborated in

section 1.2.

Excellent agreement is obtained between our calculated values and the measured I,. in the
proton or electron irradiated GaAs solar cells for proton energies ranging from 100 KeV to 10 MeV
and fluences from 10'° to 10'? cm™2, and electron energy of one MeV and fluences from 10'* ¢o 1016
cm ™%, In addition, the damage constants of the minority-carrier diffusion lengths and degradations
of the open-circuit voltage (V,c) and conversion efficiency (1.) for the single and multijunction

solar cells such as GaAs, (AlGa)As/GaAs and (AlGa)As/GaAs/(InGa)As are also performed in

this report.
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1.2 Calculations of I,, Degradation

1.2.1 Displacement Damage

A solid may be affected in two ways by the energetic particle bombardments as follows: [Reference
1] (1) Lattice atoms may be removed from their regular lattice sites, producing displacement dam-
age, (2) the irradiating particle may cause change in the chemical properties of the solid via ion

implantation or transmutation.

In the displacement model, it is assumed that the dominant defect produced by incident
protons is due to lattice displacement. Under this assumption, an atom will be invariably displaced
from its lattice site during collisions if its kinetic energy exceeds the threshold energy (Tg) for the
atomic displacement to take place. Conversely the atom will not be displaced if its kinetic energy
is less than T, [Reference 2]. We assume that the transferred energy (T) to the struck atom is
transformed only into the kinetic energy. If T is sufficiently large (i.e., T > Ty), then additional
displacement can be produced by the recoiling nucleus before coming to rest at an interstitial site.
Therefore, for T > Ty, the total number of displacement produced by a normal incident proton or

electron to the solar cell can be calculated by using the expressions:
R
D(E,) = / NoVdR (1.1)
0

where D(E,) is the number of displacement per incident proton or electron, E, is the initial energy
of an incident proton or electron, N is the number of atoms per unit volume of the solar cell, ¢
is the displacement cross section for energetic protons or electrons, V is the average number of
displacements formed by one proton- or electron- scattering event, and R is the range of proton or

electron of energy E,.

Since the mass of proton is heavy, it is necessary to consider the multiple scattering effect of
the proton. Therefore, D(E,) with multiple scattering eflect is obtained by replacing R with path
length P in equation (1.1). However, the difference between the path length and the range for a
proton traveled in coming to rest in a GaAs, (AlGa)As, (InGa)As or Ge solar cell is less than 5
% for those proton energies greater than 1 MeV. Thus, the multiple scattering effect is important
only for low energetic protons. The empirical formulae for the path length, range and reduced

energy (E,.) after penetrating a distance x are obtained by fitting the data of Janni [Reference

ro
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3| for protons and the data of Pages et al. [Reference 4] for electrons. It should be noted that a
comprehensive study of the displacement damage in GaAs has been performed and reported in our

previous contract technical report submitted to the AF Aeropropulsion Lab. last year.

1.2.2 Calculations of I,. Degradation

For an (AlGa)As-GaAs single junction solar cell the total I,, is equal to the sum of I,, in the
(AlGa)As window layer, in the p-GaAs layer and n-GaAs layer as well as in the depletion region of
the junction. Since the spectral response of the window layer is much less than that of the whole
solar cells [Reference 5] and the thickness of the window layer is less than 0.5 um, it is reasonable
to assume that the I,. degradation of the window layer is negligible compared to the total I,
degradation of the cell. It should be noted that the I,. degradation mechanism for a two- or three-
junction cell is similar to a single- junction cell, with the exception that we treat the first or the

second cell as the window layer for the second or the third cell, respectively.

To derive an expression for the I,. in a proton- or electron- irradiated GaAs p-n junction solar
cell, the following assumptions are made : {References 6-9] (1) Radiation-induced defects do not alter
the internal electric field, (2) radiation induced defects alter the cell performance mainly through
changes of the minority carrier lifetimes in the bulk, and (3) radiation-induced displacements within
the solar cell form recombination centers for the minority carriers of electron-hole pairs produced

by photon absorption.

The short circuit current, I,.,, for the unirradiated solar cell is given by :

w(¥) = [ n(a)p(a, N)dz (1.2)

and for the damaged cell, the I,. can be expressed by [References 9-12]

t
Le) = [ n(a)(1 - F@)lp(z, \)dz (13
The normalized I,, degradation can thus be calculated by using the expression:

Icc f;\x’ Iu(’\)dA

Lo ™ [} Leo(A)dA

(1.4)

where

F(z) =1- Ez[\/éarq’ID(Ez) - D(Ez,')”
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is the recombination loss coefficient. Ez(z) is the exponential integral of order 2. o, is the electron-
or hole- capture cross section. ® is the proton fluence. D(E) is the total number of displacement.
E. is the reduced proton energy after penetrating a distance, x. x; is the junction depth. p(z, ) =
Kaexp(—az) is the photon generation rate at depth x. K is the integrated solar photon flux in

the absorption band. « is the absorption coefficient. n(x) is the current collection efficiency.

Note that t is the thickness of the cell and A; and Az denote the short-wave and long-wave

limits of the total useful solar spectra for the GaAs cell (i.e. A\; =0.35 pm and A; = 0.9 pm).

1.3 Calculations of the Damage Constants

The damage coefficient of the minority carrier diffusion length is related to the proton or electron
fluence by the relation:
1 1
— ==+ K.® 1.5
L* L? T AL (1.5)
where L is the minority-carrier diffusion length after proton- or electron- irradiation, L, is the
initial minority-carrier diffusion length. ® is the proton- or electron- fluence. Ky is the damage

constant of the minority-carrier diffusion length. Using L? = Dr, Eq.(5) becomes

1_1l.ke (1.6)

T T
where 7 is the minority-carrier lifetime after proton- or electron- irradiation; 7, is the minority-

carrier lifetime before proton- or electron- irradiation, and K, = DK is the damage constant of

the minority-carrier lifetime. Expression for r is given by :

1
= 1.7
" NVeno (1)

where V¢, is the thermal velocity; o is the capture cross section of the trap, and N; is the total
trap density. The trap density Ny can be estimated directly from the total number of displacement
defect density D(E) per unit penetration depth whose value is calculated as a function of incident

proton energy by using the displacement damage theory.
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: 1.4 Degradations of V,. and 1,

In general, the open-circuit voltage of a solar cell can be represented by the following equation:

l

]

* I

i Voo = (T2 4 1) (1.8)
q9 I,

i where n is the diode ideality factor and I, is the saturation current. In using Eq.(1.8), it is assumed

3

that I, is dominated by the diffusion component. In this case the saturation current is given by

D D
I, =(gn2A E_ 4, =% 1.9
(gni A)( L.No ¥ L., NA) (1.9)

where n; is the intrinsic carrier density, A is the area of the solar cell, D, is the hole diffusion
coefficient, D, is the electron diffusion coefficient, Ly, is the hole diffusion length, L, is the electron

diffusion length, Np is the donor dopant density, and N, is the acceptor dopant density.

Now combining Eq.(1.9) and Eq.(1.5), the saturation current after the proton or electron

irradiation is given by

Dy

D,
' _ (an? P
L= (A, + Tony) (1.10)
where
1,
Ly = (K,®+ 17) 12
po
- LERYRY}
Ln = (KL"Q+E !
(1.11)

K., is the damage constant of the hole diffusion length and Ky, is the damage constant of the

electron diffusion length.

Now substituting Eqs.(1.9) and (1.10) into Eq. (1.8) yields the degradation of the open circuit
voltage as follows
Voo _ In(Le/L +1) (1.12)
Voco ln(lnco/[o + 1)

Since the dark current of GaAs solar cells tend to be dominated by the recombination current
(Irg) at low voltage (< 0.8 V) and dominated by the injection current at higher voltage [Reference

13], therefore, for V. less than 0.8 V, V,. becomes

nkT I
Voe=(—)In = 1.13
() (113
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where the ideality factor n is two and I, is given by

(gniW)
(1p7n) /2

where W is the depletion width, and 7, and 7, are the hole and electron lifetimes in the n-

I, = (1.14)

and p-region, respectively. However, for the (AlGa)As cell the dark current is assumed to be

recombination- dominant because the ideality factor of the (AlGa)As cell is greater than 2.0.

The maximum power (P,,,.) of a solar cell can be represented by the product of I,., V,. and
the fill factor F.F.. If there is no significant change in fill factor after the proton- or electron-
irradiation in (AlGa)As-GaAs solar cells, then the degradation of the conversion efficiency can be

expressed by
Ne I, Vo

~ (1.15)
"CO I&CUVOCO

1.5 Results and Discussion

Fig. 1.1 ! shows the physical structure and dimensions of an {AlGa)As-GaAs single- junction solar
cell used in our study. The wide bandgap Be-doped Alp gsGag.15As epilayer was grown by infinite
solution liquid-phase epitaxy (LPE) with dopant density of 3~ 5 x 10! cm~2 and used as a window
layer to reduce the surface recombination at the p-GaAs surface. A thin window layer of less than
0.5- um thick and a diffused junction depth of less than 0.5 um were used to ensure the low optical

absorptinn loss and to increase the radiation hardness [Reference 14].

Fig. 1.2 shows the I,. degradation in the proton- irradiated Al gsGag 15As - GaAs single- junc-
tion solar cell. The solid curves are from our calculations, and the solid dots are from experimental
data. As shown in Fig. 1.2 the maximum I,. degradation was created by the 200 KeV protons.
The reason for the 200 KeV protons create much more damage than those higher energy protons
18 that most of the damages caused by 200 KeV protons occurred in the junction and inside the

active region of the n-GaAs layer.

The parameters involved in the I,. degradation calculations are absorption coefficients of cells,
current collection efficiency, electron- and hole- capture cross sections, total number of displacement

defects formed as well as fluences and energy of protons. In order to calculate the total number of

'Figures and tables arc located at the back of this report (pages 21 through 39)
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displacement defects, parameters such as P, R and E,, of incident protons should be also calculated.
In our computer simulation, we have assumed that the absorption coefficients and current collection
efficiency of the solar cell remain constant after irradiation. According to Eq. (1.3), since the fluence
of protons through the entire solar celis is constant and the total number of displacement defects are
bound to the initial energy of incident protons, the values selected for electron- and hole- capture
cross sections are critical to the accuracy of I, degradation calculations. The values of parameters

used in our simulation are listed in Table 1.1.

Since the I,. degradation in the (AlGa)As window layer is negligible, it is reasonable to calculate
the I,, degradation only in the GaAs solar cell. In our simulation we first calculated E,. after
penetrating the window layer. If E,, is equal to zero, then there is no damage to the GaAs solar
cell. Otherwise, E,, would be applied as the initial energy of the proton for the GaAs solar cell.
According to our calculation, the proton would lose 50 KeV energy after penetrating through a
0.34- pum thick window layer. Therefore, no damage to the GaAs solar cell would result if the

incident proton energy is less than 50 KeV.

It is appropriate to use two different recombination cross sections (i. e., 0, in the p-region, and
op in the n-region of the solar cell) for our computer simulation since the recombination mechanism
is controlled by the electron- capture cross section in the p-region and by the hole- capture cross
section in the n-region. We have used the best value of 1.8 x 1071* cm? for electron- capture cross
section in the p-region and 1.5 x 107!3 cm? for hole- capture cross section in the n-region in our
calculations. These values are based on the results obtained from DLTS measurements [Reference

8], and are consistent with the fact that the radiation-hardness of the p-type GaAs is greater than
that of the n-type GaAs.

Table 1.2 through Table 1.4 are values of input parameters and I,. degradations of the proton
irradiated AlygsGag 15A4s - Alg 40GapeoAs single- junction solar cell and Al 40Gag goAs-GaAs two-
Junction solar cells. They show that the radiation-hardness of an (AlGa)As solar cell is greater
than that of a GaAs cell. This is reasonable because the electron- and hole- capture cross sections
of the (AlGa)As cell are less than those of the GaAs cell. Table 1.5 is the I,. degradation for the

proton-irradiated Alg35GagesAs/GaAs/Ings3Gag 47As triple- junction solar cell.

The damage constants of the minority carrier diffusion lengths for the GaAs, AlgssGaggsAs

single- junction solar cell and Al 35GagasAs/GaAs/Ing 53Gag 47As triple- junction solar cells are

T 7 2
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summarized in Table 1.6 through table 1.8. The results show that for proton energies greater than
0.3 MeV, the damage constant of the electron- or hole- diffusion length decreases as the proton
energies increased. This is consistent with our previous calculations on 1,. degradations in these

cells.

Table 1.9 shows the degradations of I,., V,. and n. obtained from our theoretical calculations
and experimental data in the proton irradiated AlpgsGag 15A4s-GaAs single junction solar cell. It
is found that our calculated degradations are in good agreement with the experimental data for

proton energies on 0.1,0.3, 1, 2, 5 and 10 MeV and fluences from 10'° to 10!2 cm™~2.

Table 1.10 through table 1.11 are the values of input parameters for calculating the degradation
of I,¢, Voo, n. and damage constants of the minority carrier diffusion lengths and those calculated
results in a 1- MeV electron~irradiated (AlGa)As-Alg 33Gage7As single junction solar cell. The
results are in good agreement with the expermental data for electron fluences of 10'* and 105
cm~2, Values of the input parameters and the I,. degradation of the 1- MeV electron irradiated
Aly 40Gap g0 As-GaAs two- junction solar cells are shown in Table 1.12 and Table 1.13, respectively.

It is found that the degradation decreases when the thickness of the top cell decreases.

1.6 Conclusion

A rigorous model for computing the degradations of I,., V,., n. and the damage constants of the
minority carrier diffusion lengths in the proton- or electron- irradiated GaAs, (AlGa)As/GaAs
and (AlGa)As/GaAs/(InGa)As solar cells has been developed in this work. The results show that
excellent agreement between our calculated values and the experimental data of the degradations
of I,., Vo and 5. was obtained in the proton- irradiated AlggsGag 15A4s-GaAs single- junction solar

cell and in the electron- irradiated AlggsGao.15As - Alo.33Gape7As single- junction solar cell.

...........




2. DLTS Analysis of Defects in Electron- Irradiated A1GaAs and Ge-GaAs Diodes

2.1 Introduction

The objective of this research is to investigate the radiation-induced deep-level defects in the 1-
MeV electron irradiated Al,Ga;_.As (0.3 < z < 0.33) using the Deep Level Transient Spectroscopy
(DLTS), Capacitance-Voltage (C-V) and Current-Voltage (I-V) techniques. 1-MeV electron or low
energy proton is usually used in order to simulate the space environment. The defect parameters
such as the activation energy, defect density and capture cross section deduced from the DLTS and
C-V measurements, gives the comparative informations for the unirradiated and irradiated solar
cells. The latter informations help us design a radiation- hard cascade solar cell using materials

such as GaAs, Al;Ga;_,As and germanium.

The results obtained from this study will be described next. The method of determining the
exact densities of two DX centers under the condition of total carrier freeze-out at liquid nitrogen
temperature, in which the apparent values of DX centers determined by the DLTS measurement
are far below the actual ones, has been developed by using the combined TSCAP (i.e., Thermally-
Stimulated CAPacitance method) and constant- temperature C-V methods. The DLTS character-
ization on the unirradiated Te-doped Al 3Ga yAs and 1-MeV electron irradiated Al;Ga;_.As are

described, and the conclusion is included in this report.

2.2 An Accurate Determination of DX-Center Density in Sn-doped Al,Ga,;_,As

It is well- known that the dominant deep-electron traps, known as the DX- centers play a major role
in controlling the electrical characteristics of this alloy system for z > 0.2. It has been reported re-
cently that no ionized donors are observable below 150 K in the MBE- grown Si-doped Al 35Ga gsAs
[Reference 15]. A significant decrease of the free carrier concentration and Hall mobility as well as
a marked carrier freeze-out are observed if the Al content is increased beyond z = 0.25 [Reference
16,17). The overall concentration of deep electron traps is greatly enhanced near the direct-to-
indirect bandgap crossover point [Reference 18]. For alloy composition with z = 0.35 + 0.02, the
DX centers govern the electrical properties of the Al;Ga;_,As [Reference 19). The DX center is a

substitutional deep-donor state with its activation energy associated with the L- conduction band
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minima [Reference 20,21]. For z > 0.3, the density of DX center can be exceed the background
density, and hence accurate determination of DX center density becomes extremely difficult for x

greater than 0.30.

In this study, an accurate method of determining the density of DX centers and other deep
electron traps in the LPE- grown Sn-doped Al;Ga;_,As epilayer (with 0.2 < z < 0.4) using a
combined DLTS, TSCAP, and constant temperature C-V techniques is presented. It will be shown
that from the study of two dominant electron traps observed in the Sn-doped Al Ga;_,As one
can obtain the information concerning the role of DX centers and their relationship to the free
carrier density in the conduction band of Al;Ga;_,As if the DX centers are assumed as native
defects associated with the multivalley conduction band structures. The DLTS spectra for four
Sn-doped Al.Ga,;_,As samples with z = 0.2, 0.3, 0.33, and 0.40 are shown in Fig.2.1. The Sn-
doped Al;Ga;_,As samples always exhibit twe dominant DX centers with energies of E, — 0.20,
and 0.30 eV. As the aluminum mole fraction ratio increases, the concentration of DX centers also
increase dramatically, particularly for z > 0.3. Our low-temperature C-V measurements revealed
that a complete carrier freeze-out occured at 77 K for Al 33Ga ¢sAs As and Al 4Ga gAs samples.
The results clearly show that the shallow donor concentration is smaller than the density of the
dominant DX centers. Therefore, the free electron density in the conduction band measured at 300
K is mainly contributed by the DX centers. This new result supports the recently proposed model

that the DX centers are the substitutional donors in AlGaAs alloy system [Reference 20].

In the case in which the concentration of DX centers is very large, the simple relation that
Nr = 2[AC(0)/C]Np used in the conventional DLTS analysis is no longer valid. In the cases
of Al 33Ga g7As and Al (zGa gAs samples, determination of the exact density of DX- centers was
impossible by using the DLTS technique due to the carrier freeze-out at low temperature. Therefore,
for z > 0.33, the DLTS measurements may introduce a large error in determining the density of
the DX centers. The apparent density measured by the conventional DLTS analysis would be much
smaller than the actual density since most free carriers are supplied by the DX centers themselves.
Another interesting phenomena observed in the Al 33Ga ¢gAs sample was that in the DLTS thermal
scan a small positive DLTS peak appeared, which was caused by the capture of electrons by the
unfilled DX centers at low temperatures |{Reference 22]. When a small forward-biased pulse was
applied, the positive peak disappeared. This means that by applying a saturation pulse a sufficiently

large electron density is supplied to the p-n junction, and the DX centers will be filled by electrons
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during the injection pulse (30 ms) at low temperature. This procedure can be used to eliminate

the electron- capture by the unoccupied DX centers. To provide an accurate determination of the
density of DX centers, the density of DX centers was determined by the TSCAP measurements for
both Al 33Ga g7As and Al (Ga gAs samples, using the equation given by [Reference 23,24]

ci-ct= [2(3 ‘I::;R)] T] (2.1)

where C; and C; are the values of capacitance taking from the capacitance step observed in the
TSCAP scan, as is shown in Fig.2.2. For large trap density, the relation, Ny = 2[AC(0)/C]Np
was no longer valid, and Eq.(2.1) should be used intead. The TSCAP curve clearly shows two
capacitance steps for the Alg 33Gag¢7As sample, and the locations of capacitance steps coincide
well with those DLTS peaks for the DX centers shown in Fig.2.1. However, for the Al (GagAs
sample, there are two closely spaced capacitance steps. Comparing the spectrum of TSCAP scan
for the Al 4Ga gAs sample with that of DLTS scan, it is clear that the density of E. — 0.20 eV level
is higher than that of the E, — 0.30 eV level. A typical constant- temperature C-V measurement
for the Al 4Ga gAs sample is shown in Fig.2.3. The result shows a complete carrier freeze-out at 77
K for both Al 33Gag7As and Al (GagAs samples, whereas no carrier freeze-out was observed for
Al 2GagAs and Al 3Ga 7As samples. This result clearly illustrates that the free carriers at room
temperature are supplied mostly by the DX centers for z > 0.33. This result is consistent with
the x- composition- dependent electron mobility in which the Hall mobility decreases abruptly for
z > 0.3. For alloy compositions in the range 0 < z < 0.3, the electron mobilities are reduced due
to the increasing contribution from the alloy scattering, and no intervalley scattering is required
to explain the data [Reference 25]. In addition, the mobility due to alloy scattering has been
found to be approximately an order of magnitude larger than that of the space- charge scattering
for Al;Gaj_;As (z < 0.32) [Reference 26|. For alloy compositions in the range 0.32 < z < 0.6,
intervalley scattering among the various minima is required to explain the data [Reference 27,28].
For low (0 < z < 0.3) and high (0.5 < z < 1.0) composition range, the calculated drift mobility
can be directly compared with the Hall mobility. This is, however, invalid for the intermediate
composition range (0.3 < z < 0.5) due to the multi- conduction band transport [Reference 25|.

The difficulty arises from the fact that various material parameters are not well established in this

alloy composition range.

It is noted that for the Te- or Se-doped Al;Ga;_,As samples there are two DX centers peaks

in the 0.3 < z < 0.6 range while only one peak exists for the 0.2 < z < 0.3 or 06 < z < 1.0
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range Reference 22|. This result suggests that the two DX centers are possibly associated with
the L and X conduction bands, respectively in the 0.3 < z < 0.5 composition range. Based on
this result, it is obvious that an accurate determination of the density of the two DX centers in
Sn, Se or Te-doped samples in the 0.3 < z < 0.5 range can give the much needed information
for understanding the relative importance of I', L, and X conduction bands and the interpretation
of transport properties in this composition range. Another complication associated with the DX
centers in the Al,Ga;_.As system is that different species of donor impurities give rise to slightly
different energy states in the forbidden energy gap such as activation energy, one or two DX centers.
Therefore, additional theoretical and experimental studies are definitely needed for the Al;Ga;_;As
system in the composition range 0.3 < z < 0.5 in order to obtain a better understanding concerning
the electrical and transport properties in this material. The results of DLTS, TSCAP and C-V

measurements on the LPE- grown Al,Ga;_;As samples are summarized in Table.2.1.

In short, electrical characterization of Sn-doped Al,Ga;_;As (0.2 < z < 0.4) grown by the LPE
technique has been carried out using the combined DLTS, constant- temperature C-V and TSCAP
measurements. The total carrier freeze-out was observed for z > 0.33 at 77 K, in which the electron
mobility also shows a sharp decrease. The combined DLTS, TSCAP, and C-V measurements enable

an accurate determination of the density of DX centers in Al,Ga;_,As for z > 0.3.

2.3 DLTS Analysis of the LPE-Grown Te-Doped Al ;Ga 7As

The Te-doped Al 3Ga7As was investigated by using the DLTS, constant temperature C-V, and
TSCAP measurements. The results are summarized as follows: One electron trap with energy of
E, - 0.33 eV (DX center) was observed in this sample. The measured capture cross section is
2.42 x 10713 cm?. Net doping density Np at 300 K is 2 x 10'7 ¢rn~3, and 2.03 x 10'® em~3 at 77 K,
as determined by the constant- temperature C-V measurement. The unusual high concentration
of tellurium impurity found in this LPE- grown AlGaAs sample is closely related to the high
concentration of the DX center detected by the DLTS measurement. The defect density of DX
center determined by both the TSCAP and DLTS measurements was found to be nearly the same,

namely, 1.90 x 10'7 ¢em~3 and 1.79 x 1017 ¢m™3, respectively. The equations for computing the

LY
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trap density are given by

A?
2 2 g€o€,
-~ = |\ CAP 2.2
Cy; - Ci [2(VD+VR) for TSCA (2.2)
N, = [AC(Z%{ AC)] Nop for DLTS (2.3)
[

The measured value of AC was determined at the temperature where the DLTS peak occured
when the temperature was stabilized. Accordingly, the estimated AC and hence the value of N,

from the TSCAP measurement using Eq.(1), is very accurate.

2.4 DLTS Analysis of the 1- MeV Electron- Irradiated Al;Ga,_.As

The DLTS, I-V and C-V measurements were performed on the Te-doped Al;Gaj_zAs (0.3 < z <
0.33) p-n junction cells irradiated by the 1- MeV electrons with fluences of 10'* and 10'® em™2.
Defect parameters determined from these measurements are summarized in Table 2.3. The DLTS
measurements showed that two electron traps (DX centers) were dominant in these irradiated
cells as is shown in Fig. 2.4. The physical origin of these DX centers are closely related to the
shallow dopant, and their densities are exactly proportional to the room temperature free- carrier
density. For the 1-MeV electron irradiated samples, additional trap levels (i.e., one electron trap
and one hole trap) with very small trap density (N;/Np = 0.002) were observed in the high-
temperature regime. However, the activation energies and capture cross sections were not able to
determine because their transient signals were too weak to be drawn on the DLTS spectra. These

transient signals began to appear around 200 K and continued to show up above 450 K which were

the maximum raisable temperature limit of our system. When we compare this results with the
neutron-irradiated ones, a common phenomenon of long tail of DLTS signal could be observed.
As for the neutron- irradiated Al;Ga;_,As , there have been reported for the deep-level of a long
tail, which is ascribed to defect clusters [Reference 29]. The electron irradiation, however, cannot
transfer enough energy into the knock-on atoms to form the high density of defect cluster. The
1-MeV electron irradiation might just cause trace of similar type of defect cluster but of very small
density compared with the neutron-irradiation. These traps were of very small densities, but they
were deep enough to stand for the small degradation of Al;Ga;_,As solar cells irradiated by the 1-
MeV electron with the fluence of 10'® em~2. Except for this fact, there were very small variations

in the I-V and C-V characteristics with variation of the electron fluences. The ideality factor n
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in the I-V characteristics showed the little variations of 2.06, 2.14 and 2.17,with the fluences of
0, 10 and 10'® e¢m~2, respectively, as are shown in Fig. 2.5. The C-V curves shown in Fig.
2.6 are nearly identical, indicating the very small carrier removal rate with the 1- MeV electron-

irradiation.

In short, the 1- MeV electron- irradiation introduces a small damage in the Te-doped Al,Ga;_;As
solar cells (0.3 < z < 0.33).

2.5 I-V Characteristics of the MOCVD-Grown Germanium and Ge-GaAs Diodes

The I-V measurements were performed on samples OM-506 (n* - Ge: p-Ge), OM-507 (p* - Ge: n-
Ge), OM-514(A) (p* - Ge: p* -GaAs), and OM-514 (B) (p* - Ge: n* - GaAs). The results showed
that all these samples had either ohmic behavior or very low barrier. The results for samples OM-
506 and OM-507 showed nonideal ohmic characteristics. These germanium homojunction diodes
(OM-506 and OM-507) yielded back-to-back diode I-V characteristics. It is likely that the large

density of copper impurity in these diodes might account for this anomalous behavior.

The Ge-GaAs heterojunction diodes (OM-514 (A) and OM-514 (B)) showed clearly the ohmic
behavior. It is obvious that the observed I-V characteristics for these diodes is contributed by both
the thermionic emission current and the tunneling current through the heterojunction. Thermionic
emission current is expected to be dominated at room temperature while tunneling current becomes
significant at low temperature. It has been shown that all heterojunction diodes fabricated with
nGaas With dopant densities greater than 8 x 10'® cm~3 are ohmic at 300 K and at 77 K [Reference

30].

The I-V characteristics for heterojunction can be fitted by using the empirical equation [Ref-

erence 30|

J = aV exp(~ E/kT) (2.4)

where a is independent of T.

For the Ge-GaAs heterojunction of doping range, ng. = 10'® em=3 and nga4, = 5x 1015 cm -3,
the fitted value of E is reported as 80 + 10 meV. The measured values of E are 3.56 and 5.53
meV, respectively for the OM-514 (A) and OM-514 (B), respectively. Increasing background-
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dopant density decreases the value of E significantly. The voltage- dependence of the current is a
manifestation of the barrier lowering effect with voltage. The lowering of the heterojunction barrier
with increasing voltage is similar to that of the metal- semiconductor barrier |Reference 31]. The
specific contact- resistance defined by R, = dI/dV at V = 0 derived for each diode is shown in
table 2.4.

2.6 Conclusion

An accurate determination of the density of DX-centers in Al;Ga;_,As materials in the range of
z > 0.30, in which a total carrier freeze-out at 77 K occured, has been made by using the combined
TSCAP and constant- temperature C-V methods. The Sn-doped Al,Ga;_;As (0.2 < z < 1) shows
two DX-center peaks, whereas the Te-, Se-, and Si-doped AlGaAs samples show two DX-center
peaks in the range of 0.3 < z < 0.5, which have not been reported in the literature. The method

presented here is a very useful tool for the determination of defect parameters in the range of

z>0.3.

In the 1-MeV electron- irradiated Te-doped Al,Gaj_;As (0.3 < z < 0.33), no significant

irradiation- induced defects were found in these samples.

The I-V measurements on the n*-Ge/p-Ge, p* - Ge/n-Ge, p* - Ge/p* - GaAs and p*/n -
GaAs junction diodes have been performed in this study. The germanium homojunction diodes
yield back-to-back diode I-V characteristics. It is likely that the large density of copper impurity
found in these diodes might account for this anomalous behaviour. The Ge/GaAs heterojunction
diodes have shown good ohmic behaviour which is a result of the barrier lowering due to the
increased background- doping density in these diodes. The Ge/GaAs tunnel junction diodes may

be used for the cascade solar cell application.
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Appendix
1. Empirical Formulae for Path length and Range

(1) Al, gsGag 15AS window layer :

For proton :
3.300891 E0-550212 E < 0.15 MeV
P = 10.79623 E1-163227 E < 1.25 MeV
9.963561 El-565366 E < 10.0 MeV

5.010253 g0-865712 E < 0.175 MeV
R = 10.31089 E1-257302 E < 1.500 MeV
9.561796 E1->79760 E < 10.00 MeV

where P and R are in um and E is in MeV. Unless specify otherwise, the unit of
. length is in um and that of energy is in MeV.
For Electrons:
- 0.895767 + 101.9048XE + 3649.2866xXEZ — 5155.75xES> E < 0.2 MeV
R = =~ 50.2875 + 727.3489xE + 819.0796xE2 - 350.477xE° E < 1.0 MeV

- 260.305 + 1446.344xE - 39.7561xEZ  + 0.82831XES E < 10 MeV

(i) Aly 40%20.60AS Solar Cell:

': For proton :

3.541585 g0-547829 E < 0.15 MeV
P = 11.76566 E1-146997 E < 1.25 MeV
y 10.30205 El-356580 E < 10.0 MeV

5.37874 E0-873210 E < 0.175 MeV

R = 10.63238 E1-247584 E < 1.500 MeV

9.856092 El-572202 E < 10.00 MeV
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For Electrons:
- 0.913188 + 104.1110XE + 3694.2997xE2 - 5227.10xE° E < 0.2 MeV
R = - 50.5646 + 734.9293XE + 830.7752xE2 - 356.379xE> E s 1.0 MeV
- 262.765 + 1463.058XE - 40.9225xE2 + 0.85276xE> E < 10 MeV
(iii) Aly 4468, g/AS Solar Cell :
For Electrons:
~ 0.905805 + 103.2968XE + 3661.0080XE2 - 5180.95xE> E < 0.2 MeV
R = - 50.0565 + 728.0881XE + 823.5880xE2 - 353.384xE> E < 1.0 MeV
- 260.369 + 1449.811XE - 40.6388XEZ + 0.84676xES E < 10 MeV
2. Bnpirical Formilae for Reduced Energy
(i) Al gsGag 5As window layer:
For proton :
Multiple Scattering:
0.125206 E1-875158 E < 0.07 MeV
0.102326 E1-205425 E < 0.275 MeV
Fre = 0.142437 g0-812657 E 5 1.25 MeV
0.230867 E0-638220 E 5 10.0 Mev
Without Multiple Scattering
0.159627 E1-164662 E < 0.10 MeV
0.143353 g0-892092 E 5 0.45 MeV
"re = 0.179735 gQ-722203 E < 2.00 MeV
0.256094 EO-619708 E < 10.0 Mev
19
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For Electrons:

0.006729 + 56.63820xE

0.024392 + 22.7070 xE

0.07436 + 10.7862 xE

0.18051 + 6.96689 XE

i

1153.987%E2

50.4696XE2

!

+ 1.39212xE2

25964.783xE% + 6447600xE>

+ 37320.9xES
+ 255.656XES

+ 0.30856XE>

E < 0.06 MeV
E < 0.2 MeV
E < 0.75 MeV

E < 10.0 MeV

where E., is in MeV; Eg is the initial energy in MeV, x is the distance in um.

(ii) Aly 40G2g.goAS Solar CelL:
For proton :

Multiple Scattering:

0.108043 E1-879974
0.093611 E1-230323
Ee =

0.135203 EO-822349

0.219692 EO-647184

Without Multiple Scattering

0.148897 El-153296
0.137115 EO-900279
Ee =

0.173908 EC-726625

0.242293 EO-630012

(iii) A10.33Ga0.67As Solar Cell:

For Electrons:

0.006717 + 56.21560xE
0.024340 + 22.5947 xE
0.07387 + 10.7762 xE

0.17984 + 6.95545 XE

- (..’. cats ..'-..

E < 0.07 MeV
E < 0.275 MeV
E < 1.25 MeV

E < 10.0 MeV

E < 0.10 MeV
E < 0.45 MeV
E < 2.00 MeV

E < 10.0 MeV

25553 . 562XE2

1141.111xE2

50.5997xE2

+ 1.39815xE2

S0

+ 6300951XES
+ 36724.7xES
+ 258.112xE>

+ 0.34241xE3

E < 0.06 MeV
E < 0.2 MeV

E < 0.75 MeV

A

E

IA

10.0 MeVv
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Fig. 1.2. The calculated I degradation ratio in the proton-
irradiated Al0 85034 15—GaAs single-junction solar
cell. Solid clirves are from our calculations, solid
dots are the experimental data.
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Fig. 2.4. DLTS spectrum of the 1-MeV electron irradiated Te-doped
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Table 1.1. Values of input parameters for calculating the damage constants
of minority carrier diffusion lengths in the proton irradiated
SoRETonCsT Ao aciag, ookl CeAb g ol e A Eriple Junction

P solar cells.

: GaAs AlGaAs InGaAs
7o=2x10 8s 1x10 "8 5 x 107°

: L, = 6.0 um 4.56 7.2

E L, = 3.0 1.61 1.61
D,=18c? /s 20.8 103

D, = 4.5 2.59 5

é Na=2x1208 a3 2 x1018 2 x 1018

“ Np = 1 x 1017 1 x 1017 1 x 10%7
n; =1.8x10%am™3 166 2.65 x 10°

A =4’ a 4

' Xj = 0.5 um 0.3 0.5
ty = 300 um 20 15
& =1.8x101¥ am? 5x10716 5 x 10716
& =15x10 a? 5x10713 5 x 10715
Ty = 9.5 eV 10.7 8.49
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Table 1.2. Values of input parameters for calculating the ) 9 degrgdatign in the
proton irradiated Al, geGag. sAs-Alg 40Gay goAS single junction or
Al ,0Gag. gohS—Gahs i8> junction sofar cel1S:

Window layer Junction Cell Capture Cross section
depth depth thickness Proton Irradiated
2 2
Wy (um) Xy (um)  dy (um) & (am%) &, (o)
Top A: 0.3 0.5 2 510716 s5x10715
Top B: 0.3 0.5 5 5x10°16  s5x1071°
Bottam 0.3 0.5 10 1.8x10714 1.5x10713

Table 1.3. Calculated results of the I_. degradation in the proton irradiated
Al, gsGag 1gAs-Aly 40Ga0.60§g single junction solar cell.

Energy I../1I
(proton) Top A = °% Top B

1010 1011 1012 1010 1011 1012 (p /cm2)

100 KeV 0.993 0.969 0.829 0.993 0.969 0.829
200 Kev 0.991 0.960 0.828 0.991 0.960 0.828
300 KeVv 0.992 0.963 0.832 0.992 0.963 0.832
400 Kev 0.996 0.992 0.963 0.994 0.981 0.917
1 MeV 0.996 0.994 0.980 0.996 0.993 0.968
2 MeV 0.996 0.995 0.984 0.996 0.994 0.974
5 MeV 0.996 0.969 0.987 0.996 0.994 0.980
10 MeV 0.996 0.996 0.992 0.996 0.995 0.989
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Table 1.4. Calculated results of the I__. degradation in the proton irradiated
Aly 40520 goPS—GaAs two jurgion solar cells.

Isc / Isco

Energy
(proton) AlGaAs GaAs

1012 1010 1011 101? (p/m?)

0.969 0.829 1.0 1.0 1.0

0.960 0.828 1.0 1.0 1.0

0.963 0.832 1.0 1.0 1.0

0.992 0.963 1.0 1.0 1.0

0.993 0.968 0.948 0.965 0.843

0.994 0.974 0.993 0.974 0.871

0.994 0.980 0.994 0.981 0.903

0.995 0.989 0.995 0.988 0.941
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Table 1.5. I, degradation for the proton irradiated (AlGa)As/GaAs/(InGa)As
triple junction solar cells

Energy Fluggc& Top Cell Middle Cell Bottam Cell
(MeV)  (am ) Alg 35839, esPS Gahs Ing 535204758
1010 0.988 1.0 1.0
0.1 1011 0.953 1.0 1.0
1012 0.796 1.0 1.0
1010 0.990 1.0 1.0
0.2 1011 0.969 1.0 1.0
1012 0.869 1.0 1.0
1010 0.990 1.0 1.0
0.3 1011 0.971 1.0 1.0
1012 0.872 1.0 1.0
1010 0.99 0.98 1.0
2.0 1011 0.99 0.95 1.0
1012 0.98 0.78 1.0
1010 0.99 0.99 1.0
5.0 1011 0.99 0.97 1.0
1012 0.98 0.87 1.0
1010 0.99 0.99 0.99
10.0 1011 0.99 0.97 0.99
1012 0.99 0.84 0.98
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Table 1.6. Calculated damage constants of the minority-carrier
diffusion lengths for GaAs single junction solar cell

Energy (MeV) Kin Kip
0.1 0.105 0
0.3 0.00081 0.34
1.0 0.00025 0.00835
2.0 0.00006 0.00273
5.0 0.000029  0.00169
10.0 0.000006  0.00109

Pur| e e -, - -
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Table 1.7. Calculated damage constants of the minority-carrier
diffusion lengths in the proton irradiated
Al, 356G, gsAS single junction solar cell.

Energy (MeV) Kip Kip
0.1 0.00093 0
0.3 0.000017 0.00161
1.0 0.000010 0.000215
2.0 0 0.000184
5.0 o 0.000049
10.0 0 0.000042
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Table 1.8. Calculated damage constants of the minority-carrier

,,,,,

diffusion lengths in the proton irradiated Al, 35Ga, ¢cAs/
GaAs/Ing 54Gag 4As triple junction solar cel?s.
Energy (AlGa)As GaAs (InGa)As
MeV) K, Krp Krpy Kp Kin Kp
0.1 0.00093 0 0 0 0 0
0.3 0.000017 0.00161 0 0 0 0
1.0 0.000010 0.00021 0 0 0 0
2.0 0 0.000092 0.00036 0.00035 0 0
10.0 0 0.000042 0.00081 0.00245 0 0.00000998
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! Table 1.9. Calculated and experimental data of degradations of I_., V. and
j in the proton-irradiated (AlGa)As-GaAs single junction solar cells.
E Energy Flug.gce SISV SHEN Voo Voco N Mo
(MeV)  (cm ©)
cal. Exp. cal. Exp. cal.  Exp.
1010 0.97  0.97 0.97 0.925  0.94  0.89
0.1 1011 0.80  0.81 0.72  0.81 0.61  0.63
' 1012 0.49  0.50 0.63  0.66 0.30  0.28
1010 0.92  0.87 0.93  0.94 0.85  0.81
0.3 1011 0.74  0.71 0.89  0.86 0.67  0.62
1012 0.44  0.46 0.85  0.78 0.37  0.31
1010 0.98 - 0.96 - 0.94 -
1.0 1011 0.95 - 0.92 - 0.88 -
1012 0.80 - 0.89 - 0.71 -
1010 0.99  0.98 0.98 0.979 0.97  0.95
2.0 1011 0.96  0.938 0.96  0.94 0.93  0.90
1012 0.83  0.81 0.93  0.87 0.78  0.71
1010 0.99  1.00 0.99  1.00 0.98  1.00
5.0 1011 0.97  0.93 0.96  0.97 0.93  0.90
1012 0.86  0.84 0.93  0.90 0.80  0.76
1010 0.99  1.00 0.995 0.99 0.98 .99
10.0 1011 0.97  0.96 0.975 0.97 0.945 0.95
1012 0.89  0.89 0.945 0.93 0.843 0.84
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Table 1.10. Values of input parameters for calculating degradatlons of I,
and V. and damage constants of the minority carrier d1ffusmn
1 for one-MeV electron irradiated Al, 33G8g _ g7AS single
junction solar cell.

Ta=4x107s Tp=4x10-9
L, = 3.41 un L, = 0.50
D, = 29.07 cm?/s D, = 0.625

= 17 -3 = 18

xj=0.55um cell thickness = 3 - 4 um
d =0.3um 6, =2 x 10715 an?
A=4cn’ 6 =2x 101

W=0.14 um

Table 1.11. Calculated damage constants of the minority-carrier diffusion

e Ty SRS AN A Bt S b B TRy

lengths, I n, degradations for one-MeV electron
1rrad1atedsc(‘AlGa As—Al0 3362y g7AS single junction solar cell.
Fluence 1015 2 1014 cm~2
Calculated Experiment Calculated Experiment
Ieo/Teeo 92.5 % 90.48 % 98.6 % 99.7 %
Voo/Voco 93:4 % 9 % 99.1 % 99.6 %
No/fo  86:3 % 84.8 % 97.7 % 94.1 %
Kip, 9.90 x 1078 - 2.34 x 1078 -
Kip 4.30 x 10°% - 7.04 x 1077 -
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Table 1.12. Values of input parameters for calculating the I_. degradation for
one-MeV electron irradiated Al, ,,Ga, goAS-GaAs &0 junction solar

cells.
Window layer Junction Cell Capture Cross section
depth depth thickness Electron Irradiated
Wy (um) X m & () e a,
Top A : 0.3 0.5 2 2x1071%  2x10714
Top B : 0.3 0.5 5 2x1071%  2x10714
Bottom 0.3 0.5 10 ax10714 410713

Table 1.13. Calculated results of I_.. degradations for one-MeV electron
irradiated Al, 4OGao.60£§-GaAs two junction solar cells.

Fluence Isc/ Isoo

e/c:'n2 Top A - Bottom Top B - Bottom
1014 0.990 0.940 0.984 0.940
101° 0.946 0.757 0.914 0.757
1016 0.747 0.406 0.655 0.406
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Table 2.1.

Defect parameters in the Sn-doped Al,Ga;_,As grown by LPE

........

n (at 300 K) n (at 77 K) E. (eV) Np (an3) &, (am?)
Al ,Gag gAs  2.92x10%7 2.41x1017  E_-0.2040.02 3.10x10*¢  8.71x10717
E.-0.30+0.02 9.83x101°  2.56x10716
Al ;Gay ,As  7.01x10'6 1.06x101®  E_-0.240.02 5.70x101®  8.71x107%7
E.-0.3040.02 7.92x101°  2.56x10716
16 _ 14 -15
Al 33Ga, ;A 5.91x10 0 Eo-0.1740.02 3.93x10 1.59x10
E,-0.2040.02 3.58x10'®  8.71x10717
E-0.3040.02 2.43x10'®  2.56x10716
Aly ,Ga, AS  9.95x1016 0 E-0.2040.02 7.44x10'®  8.71x10717
E.-0.3040.02 1.59x101®  2.56x10716
E.-0.8640.02 4.33x101%  8.12x10713
Table 2. 2. Defect parameters in Te-doped Al, ;Gay ;As grown by LPE
Np (300 K) Ny (77K) Ep (eV) Np (cmd) 6 (cm 2)
17 16 17 -13
Al ;Gay sAS 2.0x10 2.03x10'® E.-0.33 1.79x10 2.42x10
Table 2.3. Summary of DLTS, I-V, and C-V Measurements on
One-MeV electron Irradiated AlGaAs (33 %) Cells
5 Ideality 3 3 5
Po(e/cm®) factor Ny (am ) E (eV) Ng (cm™~) &, (cam®) Tn (ns)
0 2.06 1.72x1017 E-0.23  1.93x1018 5.88x10716 2.32
Ec-0.28  1.47x1017 3.86x1071° 0.0463
1014 2.14 1.67x1017 E_-0.23  1.88x101% 5.88x10716 2.25
E-0.28  1.43x1017 3.86x107*° 0.047
1013 2.17 1.64x1017 E_-0.23  1.85x101% 5.88x10716 2.20
E.-0.28  1.40x10'7 3.86x1071° 0.0473

Table.2.4 Specific

LIS}
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arnd Ge/GaAs p-n diodes fabricated by MOCVD technique.

Diodes  OM-506 M-507 aM-514 (A) OM-514 (B)
R, (0) 286 95.2 3.0 1.9 300 K
4.5 3.5 77 K
E (meV) 3.56 5.53

U.5.Government Printing Office. 1987
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