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Depth measuremen t of dope d semiconductor s usin g the Hall technique

Gregory C. DeSalvo,?"® David C. Look,® Christopher A. Bozada, and John L. Ebel
Electro n Device s Division , Avionic s Directorate , Wright Laboratory , Wright-Patterso n Air Force Base,

Ohio 45433-7323

(Receivd 26 Augus 1996 accepte for publication 3 Octobe 1996

A new methd using the Hall techniqwe to determire the change in surfae layer thicknes of doped
semiconductaris presentedAn equation to calculake the semiconductothicknes chang has been
determiné by comparirg the differen@ in Hall measurd she¢ carrier concentratiom and mobility
before and after a chang in surfae layer thickness Experimerg were conducte using a wet
chemicéa digital etch to remowe n-type GaAs surfae layers having an incrementa etch depth
contrd of approximatey 15 Ain thicknessand the resulting thicknes change were calculated by
the Hall techniqe and measurd with a mechanichprofilometer This Hall measuremertechnique
was able to measue change in surfac layer thicknes of less than 100 A, and the accuragy of this
new techniqe comparel favorably with mechanich profilomete measurementsThe new Hall
techniqe metha provides accurae measuremestof minute thicknes changes and is more
accurae than mechanichprofilometes for thicknes changs less than 150 A.

[S0021-899(97)06801-1

INTRODUCTION

Shallov etchirg technique are useful in fabricating
guantum wires, gate reces etchirg of II1-V semiconductor
field effed transistois [sud as metal-semiconductofield-
effe¢ transistos (MESFET), high electran mobility transis-
tors (HEMT), and pseudomorplui high electran mobility
transistois (pHEMT)], and for studyirg materid and device
properties of layers below the surface: = Althouch mechani-
cal profilomety and atomic force microscoy (AFM) are
available thee method hawe limitations Mechanicé pro-
filometes can only accuratey measue single edge etch
deptls of abou 150 A or larger. AFM is capabk of measur-
ing etch depths of atomi layer resolutin and with atomic
layer precision but only across smal areage.g, 100 um?).
Both mechanich profilomete and AFM require maskirg of
the sampe surfae becaus the etch deph is determiné by
comparirg the etchel surface to the unetchd surface A new
methal has bea developd that calculates the change in sur-
face layer thicknes basal on difference in the Hall mea-
sured electricd parametes of carrier concentration resis-
tance and mobility. This Hall techniqe does nat require
maskirg of the surface and can be usel with large surfaces
(e.g, 1 cmf). Sinee the Hall measuremertechniqie uses an
electricd and not a mechanica measurementerrors due to
mechanichvibration noises are eliminated and the resolution
of the etch deph measuremaris limited only by errors from
the electricd measuremersystemAs an examplefrom ac-
curacy and signal-to-noig consideratios alone the Hall
techniqee can potentially resole thicknes change of less
than 1 Ain a500-A-thik GaAs layer dopel at the 108 cm™2
level however othe factors may degrack this high resolu-
tion.
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DEPTH MEASUREMENT USING THE HALL
TECHNIQUE

Conside a semiconductomaterid of thicknest that is
artificially segmente into N thin layers with deph Az such
that (t=NAz), where Az is thin enoudn that the volume
carrier concentration and mobility « do not vary apprecia-
bly within a given layer. It can be shown that the measured
electricd parametes of she¢ conductivityo; and shee Hall
coefficiert R are given by’

z

O'D:_E oAz, D

i=1

N

Roo2 = ; Ro?Az, 2)

where g; is the volume conductiviy and R; is the volume
Hall coefficiert of layer i. The measurd quantitieso; and
Ry are relatad to mobility u and sheet carrier concentration
ng in the usud manner,

)
4

TheHall scatteriig factar (ry=qn R isassumd to be unity,

which is true for degenera carries (for example when

n>10" cm 2 in GaAs. The she¢ ard volume electrical

guantities are relatal to the semiconducto thicknest by

ng=nt, oo=ot, andR;=R/t. Note from Eqgs (3) ard (4)

tha mobility (u=05R) can be calculatel without a thick-
nes measurementheHall techniqee is usal to measurery

ard Ry before (j) and after (j+1) a chang in thickness
sud that

og=qung,

RD: 1/q nD .

N N
on.—on. :2 O'iAZ__Z O'iAZ:(TjAZ, (5)
] 1T i=j+1
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TABLE I. Calculation of wafer carrig concentratia and electricd thickness.

MBE-grown n layer

Hal measurement

Calculateesults

Growth Sheet  Shee carrier Volume carrier Electrical Depletion
Wafer  thickness resistance concentration Mobility concentration thickness  thickness
ID tn(A) R (@O ngm? pu, Vs no (cm™3) te A)  (wetw) (A)
12 350 1003.0 5.06810% 1230 5.97&%10'® 84.7 265.3
2 700 168.1  2.59910% 1431 5.97&10'® 434.7 265.3
3 1000 90.4  5.06%10% 1365 7.105%10'® 712.9 287.1
4 2000 38.8  1.21%10% 1323 7.10%10'® 1712.9 287.1

&Wafers 1and 2 grown bad to badk with the sane MBE Si doping densiy flux.
bWafers 3and 4 grown bad to bad with the same MBE Si doping densiy flux.

N N
<Ruoén—<Rmoén+l=g§ &o%Az—hgglRwﬁAz

=RjoAz=qnulAz. (6)

Thes equatiors are normally used to get n; and y; [or n(z)

concentratia in the uppe and lower Debye tails resuls in
less screenig of the ionized impurities In othe words a
large fraction of the electrors see unscreeng impurities and
thus hawe lower mobilities.

From the experimenthstudies conducte for this work,
it has been found that Eq. (5) seens to give the mog consis-

and u(2)] as a function of depth by measuring the semicon+er resuls for etch deph determination Thus solving Eq.

ducta thicknes chang Az at eath step However if the
volume carrig concentratia and mobility are constam with
deph ard are known beforehandthen eithe Eq. (5) or (6)
can be usal to calculae the thicknes chang Az due to
etching.

The carrig concentratio and mobility can be deter-
mined beforehad by comparimg two separat semiconductor
layers which are identicd in evely way excep for metallur-
gicd thicknes t,,. The use of differert layer thicknesse is
necessar becaus the electricd thicknes t, is less than the
metallurgicé thicknes t,, due to surfa@ wg and interfae w;
depletion widths [see Eq. (9)]. If the carrier concentration
and mobility are identicd for both semiconducta (samples
A ard B) in the electrically conductiry regiors (t,, and
te,). then the carrig concentratio can be determine by

mathematicall eliminating the depletian regiors to give

No,—Ng
n=-——= (7)
mB_th
where
(Notm,—Nm,)  (Notm.—N)
Wob W= = (8)
0 0
te=tm— (Wstw;). 9

Since the measuremenof mobility is independenof thick-
ness it shout be the sane for both samples A ard B if the
uniform materid assumptios are correct As see in Table |
the mobility is constanif the sample are thick enough but
begirs to fall off as the semiconductolayer becoms thinner
(350 A in this case. One of the reasos for suc afall off is
the fact that the depletion “walls’’ are nat abrupt but have a
width approximatet given by the Debye lengh (=18 A for
n=5x10 cm3). Thus for avery smal electrica thickness
(te~85 A), carrig’ concentratia and mobility would be ex-
pectel to vary over an apprecial# portion of t,. As ob-
served the mobility is lower becaus the decreas in carrier
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(5) for the chang in thicknes in terms of (Az=t,—t,,
where t;>t,) resulsin

0,7 00;,, KN T Ak N0

Quin;

Az= (10

Jj
or
0g,~ 0o, Mg, —M2Ng,
AZ:tl_tzz = y
0o Moo

where ngy and ug are the initial volume carrig concentration
ard mobility of the semiconducto layer measurd before
ary etching.

(11)

EXPERIMENTAL PROCEDURES AND RESULTS

A series of experimens was performal with GaAs to
determire the accurayg of the Hall technique for calculating
changs in thicknes basel on changs in Hall measured
electricd parametersThe semiconducto materid consisted
of a thin layer (betwea 350 and 2000 A) of n-type Si-doped
(=~5x10™ cm™3) GaAs grown on a semi-insulatig GaAs
substrate Since the underlyirg substrag is semi-insulating,
the electrica properties measurd by the Hall techniqwe are
assumd to be attributed entirely to the n-type GaAs grown
layer. The wafers consiste of two ses of molecular-beam-
epitay (MBE) growths in which two wafers per s were
grown sequentiall using the sare growth conditiors and Si
doping flux. The first se consiste of two wafers with iden-
tical Si doping density one wafer with a 350-A-thick
n-GaAs layer ard the othe with a 700-A-thikk n-GaAs
layer. The secoml s also consisté of two wafers with the
sane Si doping density but with one wafer having a 1000-
A-thick n-GaAs layer and the othe wafer having a 2000-A-
thick n-GaAs layer. Although all four wafers had approxi-
matel the sane S doping concentrationdifferences in Si
doping flux betwea the first and secom s occurra since
the secom sd was grown severh weels after the first set.

DeSalvo et al.



TABLE Il. Comparisa betwee etch deptts (chang in thicknes$ from digital etchirg calculate from the Hall
technigee ard measurd by a mechanichprofilometer.

Hall technique Mechanitarofilometer

No. of digital Average measured Calculatel etch Average measured Calculatel etch
etch cycles etch deph (A) rate (A/cycle) etch deph (A) rate (A/cycle)

5 79 15.9
9 132 14.7

10 155 15.5 158 15.8

15 231 15.4 240 16.0

20 328 16.4 326 16.3

30 509 17.0 462 154

The n-GaAs layers were grown thin to maximize the change
in measurd Hall parametes from changs in layer thick-
ness The carrig concentratia n, and electricaly active
thicknes t,, of the wafers were calculatel by comparimy ini-
tial Hall measuremestfrom both set of wafers as given by
Eqgs (7)—(9). The resuls of thes calculatiors are presented
in Table I.

Changs in materia layer thicknes can occu from ei-
ther physicd remova of the surfa® layer (e.g, reactive ion
etching ion milling, polishing or grinding), or from chemi-
cd reactiors tha remo\e the surfae layer (e.g, wet chemi-
cd etchirg or reactiwe ion etching or chang the electrical
composition of the layer from conductive to nonconductive
(e.g, oxidation or nitridation). For this work, awet chemical
digital etchirg techniqe was usel to remowe the n-GaAs
surfa@ layer so tha changs in Hall measurd parameters
were due to changs in semiconductothickness The digital
etchirg techniqe differs from standad wet chemicé etching
by separatig the chemica reactiors at the surfa® into two
distina processe&™! In digital etching the first proces step
forms asurfa@ film compoun at a fixed deph due to the
self-limiting natuse of the first chemicd reaction The second
chemicé reaction selectivey removes the newly formed sur-
face film compoundbut does nat affed the unreactd GaAs
region underneathTherefore the etch dept is dependenon
the diffusion limited thicknes of the surfae film formed in
the first step ard is relatively independenof the lengh of
time the chemicé solution is presemn on the surface In this
mannery arepeatals etch to fixed dept can be performel by
repeatiny this two step etchirg proces until the desirel etch
deph is reached The advantag of the digital etchirg tech-
nigue is tha the self-limiting chemicé reactio limits the
etchirg proces to shallav etch deptls on the orde of several
atomkt layers (from 5to 30 A).8-1

For this work, the wet chemic# digital etchirg technique
consisté of using hydrogen peroxice (30% H,0,) to oxidize
the GaAs surfae to a fixed deph (first proces step and
hydrochlorc acid [HCI:H,O (1:1)] to remow the GaAs—
oxide layer (secoml proces step.!! The digita etchirg ex-
perimens were conductel on over 70 smal sample cleaved
from the four n-GaAs layers describe earlier, with the num-
ber of digital etch cycles varied from 5to 30. The Hall tech-
nigue was usel to measue the she¢ concentration sheet
resistanceand mobility of the n-GaAs layer before and after
ead etch®’ For this work, it was convenien to use square
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sample of abou 6X6 mm? in size with indium dots sol-
dera on the cornes ard anneald at 425 °C for 3 min under
a flowing inert gas The thicknes chang from digital etch-
ing was calculatel using Eq. (11) by comparirg the change
in Hall measurd she resistane and mobility due to etching
of the n-GaAs layer. For comparisa with the calculatel etch
deptls from Hall measurementsdentica digital etchirg ex-
perimens were conductd on sampls from the sane four
n-GaAs wafers ard their etch deptls were measurd directly
using a mechanich profilometer Different samples were
needd since the mechanichprofilomete requires masking
of the sampe to perform etch deph measuremestbetween
etchel and unetchd regions The maskirg was accom-
plished using standadl photolithographt techniqus to open
100-um-wide trenches for etching.

The averag etch deph and etch rate values as calculated
from the Hall techniqee and measurd by a mechanichpro-
filometea are presentd in Table Il and shown graphicaly in
Fig. 1. The etch rate was calculatel using

digital etch rate (A/cycle)

_ measurd etch deph (A)
" numbe of digital etch cycles

(12

As Table Il shows the Hall technige measurd average
semiconductothicknes changs rangirg from 80 up to 500
A. The etch deptrs calculatel by the Hall techniqe are in
agreemenwith measuremestfrom the mechanichprofilo-

30
[ » ]
500 P ]
[ - Jos
L // ]
. A0 - 1,
oett | e 120 =
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£ 300[- ‘\(‘—1/74’/;_. = 1 =
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Number of Etch Cycles

FIG. 1. Comparisa of measurd (@) etch deph (left-hard y axis) and
calculatel (A) etch rate/digita etch cycle (right-hard y axis) as afunction of
the numbe of digital etch cycles performed Experimentadat usel in this
plot are from Hall measuremestgiven in Table II.
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mete in the thicknes range from 150 to 500 A, demonstrat-
ing the ability of the Hall techniqe to measue changs in

semiconductodepth Since the mechanichprofilomete ac-

curatey measure etch deptts of abou 150 A or larger, only

etchirg experimersg of ten or more digital etchirg cycles
were performel for thee samplesHowever the Hall tech-
nique is capabé of resolvig much smalle thickness
changesso measuremestdown to five etch cycles (=80 A)

were taken Even without mechanichprofilomete measure-
mens to corrobora¢ these smallg etch depths a unique
propery of digital etchirg allows for compariso of the Hall

measuremeéntechniqe with large etch deph measure-
ments That is, with digital etchirg the digital etch rate re-

mairs independen of the numbe of digita etch cycles
performed ! Sa even thouch increasimy the numbe of

digital etch cycles producs large etch depths the digital

etch rate as calculata by Eq. (12) remairs constantIn digi-

tal etchirg the final etch deph is determiné by the number
of digital etch cycles performed insteal of by the etch time

as in standad etching Therefore the amourt of material
etcha is always a multiple of the single cycle etch depth
(digital etch rate). Figure 1 graphicalyy displays the linear
relationshp betwea the etch dept ard the numbe of etch
cycles while also showirg the independen(constant rela-

tionship betwea the digital etch rate ard the numbe of etch
steps Sinee the calculatel digital etch rate for 5X and 9X

digital etch cycles as measurd by the Hall technique is equal
to the digital etch rate for large etch depths it can be as-
sertal tha accura¢ measuremenof etch deph changs of

less than 100 A is possibe using the Hall technique.

The resolution and repeatabiliy of the Hall technique
was testal by repeatig Hall measuremeston several
n-GaAs samples over time without etchirg to see if the mea-
surad Hall parametes remain@ constant Measuremein of
the Hall electricd parametes during the sane day resultel in
negligible changs from 0.05 A to a maximum of 1.7 A in
calculatel thicknes change with the averag@ chang in
thicknes of the samples being 0.38 A. If the measuremerof
the Hall parametes was performel on succeedig days then
the avera@ chang in thicknes increasd to 3.% A after 1
day from the origind Hall measuremdnand increasd fur-
ther to 5.30 A after 2 days Soakirg the n-GaAs samples for
2 min in HCI:H,0 (1:1) 1 day after the initial Hall measure-
mens resultal in acalculatel chang in thicknes of 6.63 A,
which increasd to 8.2 A when soake for 2 min in
HCI:H,0 (1:1) 2 days after initial Hall measurementsThe
consisteng of the Hall measuremestmack in the same day
shov goad repeatability and the Hall measuremestper-
formed on successig days show the resolutian of this mea-
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suremeh technigqee in calculatirg the chang in thickness
that is expecte from native GaAs-oxide formation from the
exposue to air.?7** Although bette method of measuring
this native oxide layer exid (i.e., ellipsometry, and the Hall

measuremensysten may not be accura¢ with absolute
thicknes change in the 1-10 A thicknes range the results
indicat thicknes changs tha can be expecte from native
oxide growth on a GaAs surface.

CONCLUSIONS

This work demonstratetha the Hall technige can ac-
curatey measue smal changs (<100 A) in doped semicon-
ducta materid thickness Becaus this techniqe does not
require maskirg and measure the averag changs in etch
deph over large area (e.g, 1 cn?), it is usefu where shal-
low etch deptts are investigated The accurag ard resolu-
tion of the Hall techniqe makes this an ided measurement
tod to use with shallov etchirg technique sud as digital
etching which removes severhatomic layers of materid per
etch cycle.
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