Electroabsorption measurements and built-in potentials in amorphous
silicon p—i—n solar cells
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We present a technique for using modulated electroabsorption measurements to determine the
built-in potential in semiconductor heterojunction devices. The technique exploits a simple
relationship between the second-harmonic electroabsorption signal and the capacitance of such
devices. We apply this technique to hydrogenated amorphous sil&@i:H)-based solar cells
incorporating microcrystalline Sip* layers. For one set of cells with a conventional
plasma-deposited intrinsi¢) layer we obtain a built-in potential of 0.88.04 V; for cells with an

i layer deposited using strong hydrogen dilution we obtain @284 V. We speculate that interface
dipoles between the™ andi layers significantly influence the built-in potential. €996 American
Institute of Physics.S0003-695096)04246-3

The internal electric fields of amporphous silicéa- result given the negligible potential drop in the metal.
Si:H)-basedp—i—n solar cells are crucial to their operation This heterostructure effect undermines efforts to mea-
as photocarrier collectors. Thriilt-in electrostatic potential ~sureVy; quantitatively using electroabsorption. In this letter,
V,,; established by these fields is, thus, one of a cell's imporwe report on a procedure that we believe resolves this diffi-
tant device parameters. One promising approach to illustrasulty for a-Si:H-based solar cells. We apply the procedure to
ing and estimating/,,; exploits electroabsorption measure- two types ofn—i—p solar cells having similan® and p™
ments: by measuring the transmittance or reflectance of thiayers, but differinga-Si:H i layers. In the simplest possible
cell as a function of an external potenti4) an inference of picture the built-in potential is determinexhly by the Fermi
the built-in potential can be made® levels of then® andp™ layers; our estimate of,, increased

Some corresponding measurements are presented in Figiom 0.98 to 1.25 V when the layer was plasma deposited
1. The transmittanc& of a cell is modulated by a sinusoidal Using strong hydrogen dilution.
potential of amplitudesV; the transmittance modulation We first describe the model we use for electroabsorption
5Ty in phase withsV is then plotted as a function of the in @ p—i—n solar cell witha-Si:H n™ andi layers and a
external dc potentiaV/. The excellent linearity reflects the microcrystallinep™ layer. In the upper portion of Fig. 2 we
quadratic dependence of electroabsorption upon electric fielshow a schematic illustration of the amplitude of the sinusoi-
in noncrystalline materials§T,; ends up being proportional

to 8V(V—V,). The regression lines through the measure- 08 09 10
ments intersect the horizontal axis né&«=1.0 V, which is 0.01 prrr—r ‘
an estimate of the built-in potential of this cell. The slopes of ~ ‘ — 1 \\
the lines indicate the strength of the electroabsorption effect 08 SN
at each wavelength. _ 0.00 =~

As initially reported by Wang, Schiff, and Hegedts, - L N\
extensive signal averaging of electroabsorption measure- L 06 0.01 L 2
ments reveals a systematic dependence of this intercept upon § '
wavelength; the effect is evident in the inset of Fig. 1. Wang 8 041 4
et al. proposed that this wavelength-dependence is a hetero- E\ — em
structure effect, since the™ andi layers have differing L;: o2l —— 690 m \.\

wavelength dependences to their electroabsorggee also ~ | .- 670 nm N
the electroabsorption measurements of Campétedil,® on
electroluminescent organic heterostructure dipdé&e con-
firmed this interpretation by studyin@-Si:H n—i—m R ' U
Schottky barrier diodes, which have pd layer. We found 08 6 4 2 0 2
no significant wavelength dependence, which is the expected DC Voltage (V)

0.0

FIG. 1. Modulated electroabsorption signal as a function of the bias poten-

dElectronic mail: Ljiang@mailbox.syr.edu tial across the “standard” solar cell. Measurements at three laser wave-

Ypresent address: National Renewable Energy Laboratory, 1617 Cole Blvdengths are illustrated; the inset shows that the intercept depends slightly on
Golden, CO 80401. wavelength.
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FIG. 3. Plot of the normalized, second-harmonic electroabsorption signal
FIG. 2. 6E is the amplitude of the modulated electric field acrogs-a—n 8T, as a function of reciprocal capacitance for three different wavelengths
solar cell with a microcrystalling@™ layer. The lower portion indicates the in the standard cell; the data are generated by varying the reverse bias across
conduction and valence band eddgsand E, across the cell, including the cell.
band bending in the* andi layers, band offsets, and an interface dipble

Once these coefficients are known, the built-in potential
dally modulated electric fieldE. As illustrated, we assumed in the cell can be obtained using the following expression for
that this modulation field is uniform across théayer, and the normalized fundamental signal:
that it extends only across a depletion zone oftfielayer.

We also simplified the analysis by neglecting potential drops ~ 9T1t/T _ 2ai(\) (V=Vo)+V ap(M) e 1
within then™ layer of the cell. C(V)6V €i€o bi Plal'(N)/ € '
The lower portion of Fig. 2 illustrates the steady-state (2)

profile of the conduction band and valence band edges We neglect thin-film interference effects as well as the

andE,; only the solid black curves are important at present. 2 L L
Figure 2 indicates the band-bendiay, andeV; in the ot electric-field dependent refractive index of the films; we do

andi layers, respectively. The built-in potential is defined asnot believe that incorporation of these corrections would sig-

Vpi=Vp+Vi. We discuss further details of Fig. 2 subse-n'flc"’mtIy alter our conclusions.
quently. In the present work we present measurements on two

The electric field dependent absorption in disordereqc‘:tl:nggﬁj?,?'tﬁgsIg ?:n\f:r?tlijg:;ell; gmggi Coeslzgé?c:eid
materials is typically quadratic in fieldv(\,E)=a’()\) b P )

Fe(EE o 1 the slecoabearpion cooffers he  EUSTIS 0T e o e o v
material. For a sinusoidal modulation of amplituéé, there P 9 yarog

) . . : feedstock gas. Both cells hageSi:H n* layers and “micro-
will be corresponding transmittance modulatiofi§;; and s a i 5 PO
. crystalline” (uc-Si:H) p™ layers? The open-circuit voltage
6T, at the fundamental and the second harmonic of the ) L
. . .under AML1.5 illumination were 0.93 Vstandard ceJl and
modulation frequency, respectively. We measure these sigr 02 V (strong H dilution for the as-deposited state
nals as a function of a reverse bias poterMiacross the cell. ‘

o . . In Fig. 3 we have shown the measurements of the
Reverse biasing the cell also increases the width of the deple- . : ) :
. o N : . Second-harmonic electroabsorption modulation as a function
tion zone within thep™ layer, leading to a decrease in the

capacitance(V) of the cell of capacitance. The data are generated using the same 50

The electroabsorption signal;; and 5T, can be ob- kHz fundamental modulation frequency and reverse bias

. ) n
tained from analysis of this model; the derivations are givenrange as for Fig. 1. The parameter ratmq;zep anday/ € are

elsewheré. The second-harmonic signal is particularly im- ?ebsti:?segofsoltlﬁar er:%r]cezz:ran‘ré)a;rﬁ(;nvjzgei;sFfiron;r(E)q.the
portant in the present, two-layer system: yp 9- 2.

The standard and strongly hydrogen-diluted cells yield
ST T [al(N)ep] [ (M~ ap(N) €] ?huitetdif:jer%nlt spectra;/e; for thebiI Iayelzs. :[rhhe 'resultskon
2= , e standard layer agree reasonably well with prior work on
[COVIOVIT  2€C(V) 2€o(€ico/di) 0 a-Si:H.}? The results for the hydrogen-dilutédiayer pre-
sumably reflect the increased band gap for this layer. The
whered; is the thickness of the cell’slayers;¢; ande, are  electroabsorption spectra of the microcrystallipé layers
the dielectric constants of tieandp™ layers, respectively. are similar, which is reasonable since the microcrystalline
C(V) refers to the area-normalized capacitance measured ktyers are nominally identical in the two cells. It is reassuring
the fundamental modulation frequency. Note that a lineathat the very different, raw electroabsorption measurements
regression of the normalized second-harmonic signal againgfive this result.
the reciprocal capacitance of the cell yields electroabsorption We estimated the built-in potentials in these two cells
properties ofboth the p* layer (a’,;/ep) and of thei layer using the following procedure. We first plotted
(afle). (6T4#/T)/[C(V)8V] as a function of bias voltage in order to
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compensating positive and negative electric charges sepa-

1.5
| Strong H-dil. —l-— rated by a distance comparable to the carriers’ tunneling ra-

o 12 Standard A= dii. We illustrated the effect of an interface dipalein Fig.
N'Ze 0oL p* B < 2. The solid curves represent the band bending without the
"g sk 13 dipole, and shows the effects of the conduction and valence
e I ] band offsetsA E, andA E, between thep* andi layer ma-
® 03 MAss ] terials. The dashed curves include an interface dipole that

0.0 Fvs . reduces the band bending and, hendg,, increasing the

640 660 680 700 apparent size of both band offsets.

The microscopic nature of such interface dipoles is mys-
FIG. 4. (left) Electroabsorption coefficienta] and «; as a function of j[erlous, although they ha-ve- been m\-/0keq for nearly 50 ygars
wavelength fom-Si:H and foruc-Si:H:B as obtained in cells with standard " the context of the bUIIt-.In potentials in SChOttky bar'rler
and with strongly H-diluted layers.(right) Plot of the voltage—axis inter- diodes on crystalline semiconductdrand are included in
ceptsV, of electroabsorption measurements at three wavelengths vs thtextbook treatments of solar cell device phy§id§0r the
corresponding ratiosa(/ €,)/(«/€;) . The built-in potentialVy,; is the value  cells we have studied, it may be that a decrease in interface
of Vo for (ap/ep) /(ai/€)) =1 (cf. vertical ling. dipoles for the strongly H-diluted cell is the primary cause

for the increase of about 0.1 V in its open-circuit voltage

obtain the voltage—axis intercept,. Representative mea- Voc vis-avis the standard cell; the possibility is an alterna-
surements were presented in FigV}.depends slightly upon tive to attributing the increase Mo to an increase in the
laser intensity, most likely due to photocharge stored in theénergy gap of the layer.
samples. In Fig. 4, we have p|0tted) for low intensities The authors thank Richard Crandall, Steven HGQEdUS,
parametrica"y against the Wave|enght-dependent rati@énd Chris Wronski for h8|p with this work. This research
(ap/€y)/(afl€) (as obtained from Fig.)4When this ratio is  Was supported by the National Renewable Energy Labora-
unity, the electroabsorption properties of e andi layers ~ tory (XAN-4-13318-06, ZAN-4-13318-02, and ZAN-4-
are the same. As a consequence, the value of the intercep8318-11.
interpolated for this value can be associated with the built-in
potential (by the straightforward single-layer analysi$his 1agglgnomura, H. Okamoto, and Y. Hamakawa, Appl. Phys3z\ 31
qua%gt:xzi?;?;énﬁ]nlt:;;Cfn\];\llgmﬁe:dzyz%%'s V for the cell 2Q. wang, E. A Schiff, and S. S. Hegedus, Amorphous Silicon
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