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High injection and carrier pile-up in lattice matched InGaAs /InP PN diodes
for thermophotovoltaic applications

R. Ginige,® K. Cherkaoui, V. Wong Kwan, C. Kelleher, and B. Corbett
National Microelectronics Research Centre, Lee Maltings, Prospect Row, Cork, Ireland

(Received 15 October 2003; accepted 8 December)2003

This article analyzes and explains the observed temperature dependence of the forward dark current
of lattice matched I§s{Ga 47AS on InP diodes as a function of voltage. The experimental results
show, at high temperatures, the characteristic current-voliagé)(curve corresponding to leakage,
recombination, and diffusion currents, but at low temperatures an additional region is seen at high
fields. We show that the onset of this region commences with high injection into the lower-doped
base region. The high injection is shown by using simulation software to substantially alter the
minority carrier concentration profile in the base, emitter and consequently the quasi-Fermi levels
(QFL) at the base/window and the window/cap heterojunctions. We show that this QFL splitting and
the associated electron “pile-ugaccumulation at the window/emitter heterojunction leads to the
observed pseudo=2 region of the current-voltage curve. We confirm this phenomenon by
investigating the —VV—T characteristics of diodes with an InGaAsP quaternary laigge=(1 eV)
inserted between the InP windo{=1.35 eV) and the InGaAs emitteE(=0.72 eV) where it
serves to reduce the barrier to injected electrons, thereby reducing the “pile-up.” We show, in this
case that the high injection occurs at a higher voltage and lower temperature than for the ternary
device, thereby confirming the role of the “accumulation” in the change ol thé characteristics
fromn=1 to pseudai=2 in the ternary latticed matched device. This is an important phenomenon
for consideration in thermophotovoltaic applications. We, also show that the activation energy at
medium and high voltages corresponds to the InP/InGaAs conduction band offset at the window/
emitter heterointerface. @004 American Institute of Physic§DOI: 10.1063/1.1644905

I. INTRODUCTION this performance limiting parameter should enable us to en-

] o . . hance the efficiency of devices such as solar cells and pho-
InGaAs/InP devices have applications in photodetectionqiqges.

and photoemission and more recently in their application as  tha|_yv characteristicge.g., Figs. 1 and)2at low and
thermophotovoltai¢TPV) convertors. TPV is very attractive ,oderate voltages can be exr;ressed as in(BEqby two

because many of the losses associated with conventionglyonential functiongwhich includes series resistané,
photovoltaics such as nonabsorbed radiation from photonéﬁecﬁ and a third term due to shunt resistarR,.

with energy smaller than the band gap of the active semicon-
ductor and losses from thermalization of electron-hole pairs

generated from photons with an energy larger than the band =1y, ex;{qV—kR_?l) -1 +|0z[ exr{q v kR_I?I ) - 1}
gap can be avoided with the use of so-called “selective emit- N1 N

ters,” mirrors! In an ideal world, with no losses, TPV cells V—Rgl

can have theoretical efficiencies as high as 85%, under con- + Rey 1)

centrated sunlight. In practice, the highest efficiencies

reached are much lower due to such factors as imperfectionsy ation(1) above represents two parallel current transport
in the emitter, optical cavity and due to the intrinsic dark 1,achanisms that occur in@n junction, namely, the diffu-
current in practical devices. Therefore, the minimization Ofsion current [;) that flows across the junctidiirst term in
thi_s _Iatter parameter among others is crucial to achieve higEq. (1)] and the generation-recombination curreh) ((sec-
efficiency. . , , , ond term. The effect of series resistance is incorporated by
The dark current in @-n diode is mainly a consequence e se of the terrR¢l and the role of the shunt resistance is
of radiative and nonradiative losses. The radiative loss IBffectively the leakage current termV Rql)/Rg. The
generally attributed to the band—to—band recombination angl g n, and n, are the ideality factors. When the diode
the nonradiative losses to Shockley—Read—Hall and Augegrent is diffusion dominant in any voltage region, the ide-
recombma}tlon. ) . ality factor would equal Xcorresponding to band—to—band
The aim of this work is to understand the nature of the.ecompination and when recombination dominant to 2, the
dark current transport over a wide range of temperatureg,iiar corresponds to a midgap state recombination.
(80-330 K and forward biases. A good understanding of | " he saturation current of the diffusion current

term of Eq.(1), can be expressed, assuming low injection
dElectronic mail: rginige@nmrc.ie as Eq.(2)
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10" . . . . . . . . . TABLE |. The structure of ternary InGaAs and quaternary InGaAsP bulk
devices.
100 n 4
Layer Thickness Doping level
101 F - number  Material Layer (um) (ecm™3) Type
_102} - 6 In(x)GaAs Cap 0.3 x10%° P
5 InP Window 0.1 %108 P
<1038 . 4 InGaAsP  Intermediate 0.1 X108 P
2 4 3 In(x)GaAs Emitter 0.3 K10 P
810 - Simulation 7 2 In(x)GaAs Base 2.0 510V N
5 o 'Poor' Bulk PN diode ] 1 InP Buffer 0.1 <101 N
10 o 'Good' Bulk PN diode
106 .
107 . not only is it usually small but at the operating voltagégh
108 . . . . L . ; . biase$ of TPV cells only the diffusion component is signifi-
0.0 0.2 0.4 0.6 0.8 1.0 cant. However other mechanisms, e.g., Auger recombination,
Voltage (V) might be expected at the high operating voltage of these cells

FIG. 1. Plot of the room temperature ddrkV characteristics of a typical (Clo,se tQ open-circuit VOltaQEAS the voltagg is increased, a,
good and poopn diode at room temperature. Note that the bpikdiode ~ '€gime is reached when the above equations are not valid,
characteristics at the high voltage end is identical, irrespective of the leakagee., the low injection condition, where the majority carrier
due to handling and probing damage manifested at low voltages. AISQjenSity equals the thermal equilibrium values no Ionger
shown are the theoretical curves for the poor and gaodiodes. . .
holds and excess carriers dominate the electron and hole con-
centrations. That is to say that the injected carrier concentra-

t Dp t tion exceeds the background doping concentration. The
Sp Cosh— + — Sinh— threshold voltage at which this high injection commences in
- 2 De Le Le Le *n diod be given by Eq3
lor=A NN : : ap'n diode can be given by E@3)
° P—PCosh—+Sp Sinh— kKT N
Le —Le Le Vip=2—In—, 3)
X;i D X; 4 n
D S, CoshL—J+ L—"SinhL—J whereN is the ionized impurity concentration on the lower
+qni2 n n n n (2) doped side of then diode and other symbols have their
Naln &CoshﬁvLS Sinh L usual meaning. Our experimenta-V—T curves show a
L, L, ~* L, change of slope at high biases/injection. The voltage at

The first term of the square brackets on the right-hand Sid(\Q/mch this change in slope occurs is consistent with the volt-

(RHY of Eq. (2) is due to the holes injected into the active age Vy) given by Eq.(3) and vy|th_thg a.“d .Of S|mulat|01j
n-region and the second term due to electrons injected intSoftware we demonstrate that this high injection substantially
the activep-region of ap-n junction in forward bias alters the minority carrier concentration profile in the base
The saturation currerliy, in Eq. (1) corresponds to the e}nd emitter. This Iegds o the quasi-Fermi lef@FL) split—
recombination-generation term. For “good” devices this ting and the associated eleciron “pile-up” at the window/

recombination-generation contribution can be ignored, sinc mitter heterojunction. This chain of events will be shown to
ead to the observed=2 region, hereafter referred to as

pseudon=2 region, at high bias conditions.

This concept of the splitting of the electron QFL at an
abrupt heterojunction was proposed by Perlman and Feucht
in 19642 Lundstrom in 1984, suggested that the degree of
splitting is given by the difference between the thermionic
emission current across a heterojunction and the drift-
diffusion current away from the junctichMore recently,
many authors have used this concept in analytical models for
heterojunction bipolar transistors and heterojunction bipolar
photransistors:® Nelsonet al. has employed this concept to
explain the lower dark current measured in quantum well pin
structures, while Corkish and Honsberg have used PC1D

solar cell simulation tool to demonstrate QFL variations at
06 ofa To abruptp-n heterojunctions in a range of doping levBis all
Voltage (V) these investigations the heterojunction consistedpfadn
doped layers. In our study of the InGaAs/InP TPV diodes

FIG. 2. Semilogarithmic plots of the datk-V characteristics of InGaAs g ; +
mesa diodes at various temperatures from 80 to 330 K. The “curling” effect(Table ) the QFL Spllttlng will be shown to be at tme /p

seen at high current is believed to be due to heating effects and this regirrlgeterol:unCtions and due to the pile-up of ch_arg_es as a result
is ignored in this analysis. of the imbalance between the smaller thermionic current go-

0.0 0.2 0.4
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0.9 T T - T T observed data, with the use of band diagrams, charge con-
—=— Theoretical centration, and potential profiles obtained at room tempera-
S o8 e, —e— Experimental] 4 ture using a simulation software. This is a valid approach to
5 e, """\-‘.‘_‘L use, as the energy band diagrai, ) is a plot of the band
So7} N ""'-~.\_\_\ i energies as a function of position and reflect both the hetero-
2 T "'\-m,\_ structure and also the electrostatic potendglx), which in
g o6 i turn depends on the distribution of charg€x). The latter,
= of course, depends on the current flow in the device, which is
2 05 i the experimental -V measurements we have carried out.
2 T Examination of these plots at the various interfaces/
g %41 i heterojunctions gives us a good insight to the behavior of the
T 7 . . . diode as manifested in the-V—T characteristics. We then
3w 750 200 250 300 350 show that the thermionic emission current at a given voltage

Temperature (K) and temperature is very much less than the diffusion current
FIG. 3. Experimental and calculated threshold voltage for the onset of hi (at the heterOjunCtionand that this imbalance leads to the
injeétic;n inpthe 80-220 K range. Beyond 220 K, no egxperimental values agireéphttIng of the QFL. This in turn leads to the p”“e_Up of
available as the maximum current sourcing was exceeded. electrons, and consequently the psendo2 and the “satu-
ration” of the | -V curve at high voltages. To further validate
our theory, we measure the-V—T characteristics of diodes
ing over the barrier and the larger incoming drift-diffusion fapricated with an intermediate InGaAsP quaternary layer
current. The pile-up screens the applied voltage in forwarquzl eV) inserted between the windovE{=1.35 eV)
bias leading to the observed and predicted/ characteris-  and the emitter £,=0.72 eV) where it lowers the barrier to
tics. This hypOthESiS is jUSt|f|Ed by the analysis of the experi-e|ectrons_ In this case we show that the pseud@ region
mental data of devices with an intermediate energy band ga@hange of S|opkon|y appears at even h|gher V0|tages and
quaternary layefinGaAsB. lower temperatures, than in the case of the ternary latticed
Our approach to understand the experimemtaV/—T  matched devices. This clearly demonstrates that the change
characteristics, in particular the pseuds-2 region, is t0  of slope is due to the electron pile-up as a consequence of the
begin our work with a comparison of the theoretical valuejarge band offset between the InP window and the InGaAs
[from Eq.(3)] for the onset of high injection with that of the emitter in the ternary devices. The absence ofrthe2 re-
experimentally observed valu&ig. 3) and show that they gjon, beyond thex=1 region, for much of the temperature
are comparable. This is followed by a theoretical estimationange studied in the structure with the quaternary layer is an
of the injected carrier density as a function of bi&g. 4  important property for TPV applications. In this device with
for 300, 200, and 150 K using Eq&2) and (4). Figure 4  the quaternary layer, the ideality factor around the operating
shows the transition from diffusion dominance to hlgh injeC-Vo|tage is around 1 and Consequen%yvvi” be much lower
tion. One can notice that the Change over is as prediCtEd ifhan in the case of the ternary device where the Operating
Flg 3. We also show that this phenomenon sets in with hOlQlohage is in the pseudozz region, Wherdo is many or-
injection to the lower doped-base regiorithreshold voltage  ders of magnitude higher. This is an important feature for

for electron injection is higher compared to hole injection atmaximizing the open circuit voltage in TPV device opera-
150 K, in Fig. 4. This behavior, we postulate is not neces-tjon.

sarily restricted to low temperatures but also prevails at room

temperature. We confirm this and explain by inference thg|. DEVICE STRUCTURE, FABRICATION, AND
EXPERIMENTAL SET-UP

810" = o EET The two structures{_with and without _the intermediate
3 ::;ggﬁ zfg';fz zg:::;—::;:'ggﬂngz,, —e—200K | quaternary layer studied are shown in Table | and
5 At300KV;0:63VNd+=p:inj=1:68x10"cm'3 —+— 300K were grown by metal-organic chemical-vapor deposition
B 6x107] —“’;I‘ei?r'fms- (MOCVD). These latticed matched structures are identical
g | ] except that one of them haspatype InGaAsP quaternary
5 ﬁ ﬁ |:?z layer (layer 4 in Table ) inserted between the InP window
o 4107 3 I/ 3] ] 7 and the InGaAs emitter.
£ ] Mesa devices of 1 mm diameter were fabricated using
Q selective etchants. An annulgrmetal (Ti—Pt—Au) contact
’52"‘0"' / i was deposited onto the top InGaAs “cap” layer and the inner
s : . p*-InGaAs material removed, exposing tpelnP window
§ o . ) layer. A back metal contad¢Au/Ge/Au/Ni/Au) was also de-
e 0.6 0.7 08 posited. Subsequently, a silicon nitrid&iN) passivation
Applied Voltage (V) layer covering the mesa sidewalland the top metalwas

FIG. 4. Calculated injected hole minority carrier concentration as afunctiondeposned' The top metal contact area was then Ilthographl-

of voltage and temperature for 300, 200, and 150 K. Also shown in thec'a”y opened with the removal of the SiN from the annular
injected electron carrier concentration for the 150 K temperature case.  rIng.
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Dark I -V measurements were undertaken using a Keifined to low temperatures as the results in Fig. 2 may sug-
thley 2400 current-voltage source-meter, controlled by agest. The non-observance of high injection in our case at
computer. The samples were loaded onto a liquid nitrogemigh temperature was due to reaching the maximum current
flow cryostat. A temperature controller regulates the tem-sourcing capability of the current/voltage source used. Hav-
perature of the cryostat with a resolution af0.1 K. All ing correlated the experimental and the theoretical threshold
measurements were carried out using the four-wire techniqueoltages for the onset of high injection, we computed the
to eliminate test fixture resistance effects. Series resistance iigjected minority carrier concentration as a function of ap-
an important issue and could mask the true characteristics atied voltage for three different temperatures using the first
high current densities. Great care needs to be taken to elimierm on the RHS of Eq(2). However, this requires prior
nate this effect. The simulations were carried out using &nowledge of diffusion length and diffusion coefficient

commercial software packagéscib and SILVACO). whose values are not universally established. More simply
one could compute this with reasonable accuracy from Eq.
IIl. RESULTS AND DISCUSSION (4). Figure 4 is a plot of injected carriers as function of bias

A. Dark current-voltage characteristics at room using this equation
temperature of bulk InGaAs diodes niz qVv
pinj:ﬁex kT

, 4
In Fig. 1 we present the room temperature dark current- @
\ézl\ti:geebqa_s\e/c)i g:atrﬁg tstrrljgtcusreo f ti\r/fnteilzn'l";'\f;)lgllea tItIC'It'ah(ran i\l/tvcoh(;?(]—he temperature dependencerpfandNg has been taken
erimental plots of the device% reflect t icai diodes thainto consideration in plotting the curves in Fig. 4. It is clear
P P . -Ct yp from the above plot that there is a transition region between
were tested. The poor diode shows higher leakage current in Y. : L
. . the end of diffusion current dominance and the high injection

the low voltage region. However, at high voltages the cur- . .
. ; ) dominance. For example, consider the 150 K temperature

rents are identical. The higher leakage observed at the low

. . curve of Fig. 4, here the injected minority carrier concentra-
voltages was found to arise mainly as a consequence of pooQr

handling, probing, and dicinfsawing.® The other important on (holeg only equals the majority carrier concentration

characteristic to note is that there are distinct regions corre(-(alew.or.]S in therregion when the voltage is 0175 V. How-
sponding to leakage, recombination, and diffusion cu,rrentsev.er’ .It 1S clgar from the plot that a substantial amount of
The recombinatior(no,nradiative regio,n is characterized by Minority carriers ﬂOV\.I even at a voltage as low as 0'68.V
an ideality factor(n) of 2 and the diffusior{radiative region '(n.ote'that the experimental data for 1.50 K, shows a high
by n=1, as one would expect for nonradiative and radiativeInJECtIon threshold voltage of 0.67 V, Flgs._2 and & F|g_. .
y L exp 4, we also show for the 150 K case, that high electron injec-
recombination, respectively.

To understand the transport broperties at hiah currents tion only comes into consideration at even higher voltages,
. port propert g ’%plying that the high carrier injection which gives rise to
necessary requirement for TPV operation, we measured t

I -V characteristics at high current/voltage and over a ran fe pseuday=2 region seen in thé—V characteristics at
n 9 9 ow temperatures in Fig. 1 is due to hole injection. So far, we
of temperatures.

have established the threshold voltage for the onset of high
injection in apn diode at different temperatures and showed
that the experimental threshold voltage correlates well with
that theoretical value. Further we have shown that this injec-
The dark current-voltage characteristics of the ternarytion is due to minority carrier injectiortholeg into the
bulk device, is shown in the semilogarithmic plots of Fig. 2.5x 10" cm™ 2 dopedN-base region.
It is seen that they have a strong dependence on the bias In Fig. 2, we saw that with the onset of high injection,
voltage and temperature. The conventional regions of leakthe current-voltage characteristic deviates from1 ideality
age, recombination, and diffusion are clearly evident at alfactor to a “pseudo’n=2 value. To explore this, we simu-
temperatures. An additional region is seen in the bulk dioddated the energy band diagrams, quasi Fermi-level plots,
as the temperature is lowerdd20—-80 K. It is apparent electron and hole concentration plots, and potential diagrams
from the low temperature curves that this region is beyondf thepn structure in Table I. We used these simulated results
then=1 region of the curve. The extracted ideality fadior ~ to qualitatively illustrate our argument. Figure 5 shows the
of this additional region corresponds approximately to 2. It isenergy band diagram at three applied voltages: 0.65, 0.7, and
not a recombination-generation process. The onset of th@.8 V at 300 K. Referring to the 0.65 V band diagram, one
new n=2 region(beyond then=1 regior) is postulated to notices, as expected, the energy levels ofghmGaAs cap
be due to high injection and charge pile-up. layer and thep-InGaAs emitter layer are alignddame ma-
Defining high injection as the instance when the injectederial and dopant concentrations: Tab)e However, as the
carrier concentration is equal to the background concentradias is increased to 0.75 and 0.8 V these energy levels begin
tion, we show that the experimentdtom Fig. 2 and theo- to separate, and this is clearly evident both for (68) and
retical threshold voltageglerived from Eq(3)] are in good the valence band. This separation is reflected in the splitting
agreementFig. 3). It is worth noting that high injection is a of electron and hole QFL as shown in Fig. 6. We will return
phenomenon that occurs when the applied voltage is sucio the question of why this separation arises later in the text.
that the injected carriers exceeds the background ionized In Fig. 6, we note that the electron quasi-Fe(BQFL)
doping concentration and thus should not necessarily be cottevel is nearly constant throughout the junction for all four

B. High injection /—V characteristics of ternary
InGaAs mesa devices as a function of temperature
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FIG. 7. Hole and electron concentrations vs depth as a function of bias
FIG. 5. Energy band diagram for InGaAs/InP PN struct(ae given in voltage.

Table ) under 0.65, 0.70, and 0.8 V forward bias. For better clarity, only the
top 1 um of the simulated band structure is shown.

seen to approach saturation at the very high voltages. Figure

7 also shows the electron concentration as a function of

voltages presented except in theinP windowp-InGaAs . depth and applied voltage. It is clearly evident from this plot
cap layer where the QFL appears to move to more negatn_/%at the increase in electrons flowing into tpelnGaAs

values with increasing forward bias. The hple quas"Ferm"emitter region saturates at higher bias conditions as does the
level (HQFL) is constant throughout the device from the cap

. inority hole concentration flowing into the-base region.
layer to the base at O'.ZV bla§. Howeyer, from O.§5Vonwarcgne would expect the concentrations to increase with the
the HQFL appears to increasingly split at the emitter/window,

and the window/can interfaces. This suggests that the nf?rward bias, however, the hole and electron concentration
. P e 90 %aturation at higher voltages is not to be expected. To eluci-
carrier balance on either side of the said interfages/p

: ST T : o . date this we have analyzed the simulated potential diagram
heterojunction is different and increases with increasing Y P J

; . for th ice. It is clearl i f h ial dia-
voltage. It is also evident that the EQFL and HQFL are no or the device. It is clearly evident from the potential dia

longer superimposed within the cap layer for high voltages gram of Fig. 8 that when the bias is ranging from 0 to 0.6 V

: . 4 ‘the volt is full li r the junction. In , th
To confirm this, we looked at the concentration of elec- e voltage is fully applied across the junctio deed, the

trons and holes throuahout the devi the forward bi cap and the emitter layer potentials are at the same level.
ons a otes throughout the device as the Torward DIas 1y s 14 say that any additional bias is entirely dropped

mcrgased. Figure 7'is a plot of the hole and electron CONCeL cross the junction. However, at 0.65 V and more clearly at
2.8 V, the cap and emitter potentials are no longer the same.
This indicates that the incremental voltage is no longer fully
the concentration of holes minority carriers is increasin dropped across the emitter/bas.ejuncFion. Itis for thi$ reason
%hat the current beyond a certain applied voltage, defined and

ngre;(;rgjatrr?ebﬁib?ts ::;elefgglr\:?;?]trb;?g)ﬁz'n?gc?ég \r? tlr?e In_shown to correspond to the onset of high injection appears to
! inority ion inj ! deviate from then=1 ideality factor and approaches a

(C;aBA\j i)ha}se M1Ses t.)y abouF thlre? orders of ma}gnllzt_ude% Be;(;o% eudoideality factor afi=2. This appears on the-V curve
. is rise is increasingly less as seen in Fig. 7 and i5,. change in the slope.

nearly constant and high in thee InGaAs emitter layer irre-
spective of the bias. However, in tielnGaAs base region,
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FIG. 6. Electron and hole QFL as a function of voltage. As the voltage

increases the hole QFL is seen to split, i.e., not constant. FIG. 8. Potential vs depth for the bulk InGaAs/InP structure at 300 K.
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With the use of the simulation software, we have shownTABLE II. Extractedn (fitted) and E, values for three regions of interest
that the onset of the high injection at a temperature of 300 K& @ range of temperatures

is as we have predicted earligsets in around 0.63 V We Activation energy E.J)
have also shown that the change in the slope oflth¥ \oltage/field range Ideality factdmn) (eV)
curve gfter high injection sets in, is QUe tp the _applied poten="—" " "4 1.99(80-110 K 0.165
tial being not fully dropped at the junction. Finally, to ex- 15032y 2.01(120-170 K 0.165
plain the reason for the voltage not being dropped fully 2.06(180-230 K 0.19
across the junction we invoke the concept of the splitting of 1.97(230-270 K 0.21
the QFL. As can be seen from Table I, the structure is such o 1.95(270-330 K 0.23
that adjoining thep-InGaAs layer is the- InP window layer, ('\385(3521(;?'\(; 115)1522282238 g 8';5
this heterojunction results in a large CB off¢Etg. 5 which o 1.01(270-330 K 0.84
prevents the free electrons from flowing through the emitter High field 2.02(80-210 K 0.44

and then to the cap layer. The window layer being rather (0.68 V)
thick, it is not possible to have carriers tunneling across this
barrier. The only route is by thermionic emission over the
InP barrier. The thermionic current over such a heterojunc-
tion can be given by the following expressith:

C. Ideality factor (n) and activation energy (E,c)
AEc—(n—1)6,—6,+qV

Il =AT2 exp— nkT From the Arrhenius plots of Ih( versus 1T, we have
extracted values foE,; for the low, medium, and high field
qVv regions. Table Il below shows the extracted values.
X 1—ex;{ - ﬁ” 5 Considering, the two main regions of interest, we note

that for the midfield rang€0.5—0.6 V}, the ideality factoi(n)
whereAE. is the CB offset and; and d, are the QFL splits is equal to 1, corresponding to a diffusion current contribu-
in the respective regions. The two terms represent the forion. As with the low field case, the midfield ideality factor
ward and reverse currents over the junctibarrien. For our  (n) is practically independent of temperatuieee Table
structure at 300 K, and an applied voltage of 0.78{, and the midfield activation energy of 750—840 meV, is in
=0.48 eV, §,=0 andn=1.55 (the above equation is very reasonable agreement with the band gap @fs48a 4As
sensitive to the value ofrf" ), the thermionic currentis-1.6 ~ which is around 0.72—0.76 eV. This establishes that process
A, while the diffusion current is calculated to be 126 A. is diffusion (band—to—band recombinatipdominant. At the
Thus, we note that the thermionic emission current at a givehigh field (0.68 V), the low temperature ideality factor is
voltage and temperature is very much less than the diffusioequal to 2(note this is a “pseudo’d valug) and the extracted
current flowing into thep-InGaAs emitter. It is this imbal- activation energy is equal to 0.44 eV. This is in good agree-
ance that leads to the splitting of the QFL. As a consequenceent with the energy difference 0.5 eV between the
of this imbalance, there is an accumulation of electrons at the-InGaAs emitter CB and thp-InP CB observed in Fig. 5.
window/emitter interfacéon the emitter side Consequently, The inference is that at high voltages/current we are in fact
this screens the junction from seeing the full extent of theseeing the effect of the InP/InGaAs heterointerface as we
applied voltage. In other words one could think of this as ahypothesised earlier.
sheet of negative charge which needs to be compensated by a To conclusively prove that this is in fact the case, we
sheet of positive charge, the latter coming from the appliec¢tarried outt —V—T measurements on diodes with a InGaAsP
positive forward bias at the cap layer. This results in thequaternary layerEy=1 eV) inserted between the InP win-
effect seen in thé—V curve, i.e., the change of slope at high dow and the InGaAs emitter layers. If our hypothesis is true,
biases(and as we have shown experimentally, at low tem-we expect the quaternary layer to assist with the forward
peratures top current transport and as such not to observe the pseudo-
With the aid of energy, potential, QFL and concentration=2 region, until the devices were subjected to a much higher
diagrams, and Eq€2) and (5), we have demonstrated that voltage and/or a lower temperature. Figure 9 is a plot of the
the deviation from th@=1 regime to a pseudo=2 regime |-V-T characteristics of a typical diode with the InGaAsP
is due to the splitting of the QFL, resulting from an accumu-quaternary layer. The inset in Fig. 9 presents for clarity a
lation of charge at the heteq"/p interface. Moreover, we comparison between the latticed matched InGBA¥ curve
have shown that this accumulation is “compensated” by anat 180 K and thé—V curve of the InGaAs with the InGaAsP
increasing proportion of the applied forward bias, therebyquaternary layer, at the same temperature. It is obvious that
leaving only a fraction of the applied voltage to be droppedthe latter shows only th@=1 component, the pseudo-
across the active junction, thus inducing a “saturation” of =2 component is not present until much lower temperatures
the forward current at high voltages. To further support our(120 K). This clearly demonstrates that the insertion of the
argument, we show that the activation energy obtained fronguaternary layer has aided the forward current transport and
the |-V-T at a high voltagghigh injection regimgis to-  no accumulation occurs until much lower temperatures and
tally consistent with the barrier that the electrons experiencéigher voltages. This, we believe conclusively proves that
at the window/emitter heterointerface. Incidentally the holeghe pseudai=2 region is due to carrier accumulation, as a
see no barrier even though a splitting of the QFL exists. consequence of the carriers having to overcome the energy
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100, . . , T current-voltage curve. We have confirmed this by investigat-
G, ing the | -V—T characteristics of diodes with an InGaAsP
107F 4 . quaternary layeriq=1 eV) inserted between the InP win-
dow (Eq=1.35 V) and the InGaAs emitteE(=0.72 V)
102 1 where it aids the injected electrons to flow into the cap layer
<109k T | and thus to the external circuit, thereby reducing the accu-
g o~ 180K with INGaAsP layer mulation at the window/emitter interface. However, at very
510.4_ u high biases and very low temperatufesth much reduction
5’ of the thermionic emission currgrthis accumulation begins
105 = to surface even in devices with the quaternary InGaAsP
] layer. This unambiguously confirms the role of the accumu-
108 fi47, 1 lation being the reason for the change in the slope of thé
grs, 5 characteristics froom=1 to n=2 in the ternary latticed
10'8_ 014 0.8 1.2 matched device at moderate temperatures and at very low
Voltage (V) temperatures in the case of the InGaAsP devices. This we

. believe is an important feature in designing device structures
FIG. 9. Aplot of current vs voltage in the temperature range 83 to 320 K for TPV licati h dal dark
a 1 mm diameter mesa device with a quaternary InGaAsP layer insertetpr applications where we need a low dark current to

between the InP window and the InGaAs emitter, serving as a barrier redudNaximize both the open circuit voltage and short circuit cur-
ing layer for electron transport in the forward direction. It is clearly evident rent.

that for much of the temperature range with the exception of very low

temperatures, the pseude=2 region is not present, no accumulation oc-

curs for much of the temperature range. The inset clearly shows the onset éCKNOWLEDGMENTS
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