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A bstract　 InGaA söInP quan tum w ire array are invest igated by X2ray trip le2ax is diffractom e2
t ry and the recip rocal space con tou r m app ing fo r (00h ) diffract ion. X2ray dynam ic theo ry is

emp loyed to sim u late the recip rocal space con tou r m app ing of quan tum w ires. T he structu ral

param eters and stra in sta tes are determ ined. A good agreem en t betw een the experim en tal and

sim u lated m app ing is ob tained.
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H igh reso lu t ion X2ray d iffractom etry is a very im po rtan t and ind ispen sab le too l fo r

characteriza t ion of ep itax ia l layers, hetero2st ructu ra l and superla t t ices due to its non2de2
st ruct iveness and h igh reso lu t ion. It is w ell know n tha t X2ray d iffract ion is a very effect ive

m ean s in ob ta in ing the info rm ation of the structu res grow n perpendicu lar to the sam p le

su rface. Q u ite recen t ly, it has been found tha t X2ray d iffract ion is a lso su itab le fo r the in2
vest iga t ion of period ica l la tera lly2co rrugated structu res such as sem iconducto r quan tum

w ires and quan tum do ts becau se it can p rovide the info rm ation abou t geom etric param e2
ters, st ra in sta tes and the info rm ation of the side w all roughness and destruct ion of quan2



tum w ires, especia lly w hen the tw o2dim en siona l recip roca l space con tou r m app ing

(R SCM ) by trip le2ax is system is ob ta ined [ 1 ].

T rip le2ax is X2ray d iffract ion is a new 2developed m ethod, appearing and develop ing

on ly in recen t years. It is know n tha t the standard doub le2ax is X2ray d iffractom etry u ses

an open detecto r and therefo re in tegra tes the sca t tering from the specim en over a ll ang les

w ith in its apertu re [ 2 ]. So it sw am p s the info rm ation of o rien ta t ion dist ribu t ion and tha t of

la t t ice spacing dist ribu t ion [ 3 ]. It is d iff icu lt to un ravel d ifferen t con tribu t ion s to in ten sity,

such as tho se of rough su rface and from perfect crysta l sca t tering. T he detecto r p robe in

doub le2ax is d iffract ion is a line w ith a certa in w id th and the detecto r p robe in trip le2ax is

d iffract ion can be in p rincip le regarded as a line of zero w id th, i. e. , a ∆ funct ion p robe[ 4 ].

T rip le2ax is d iffract ion can dist ingu ish con tribu t ion s to in ten sity from m o saic sp read (Ξ
scan m ode) and from la t t ice spacing dist ribu t ion (Ξ22Ηscan m ode). T he R SCM is ob ta ined

by perfo rm ing a series of independen t of Ξ22Ηscan s, in w h ich Ξ(ang le betw een the inciden t

X2rays and the sam p le su rface) and 2Η (ang le betw een the w ave vecto rs of the inciden t and

diffracted X2rays) vary independen t ly.

In ou r invest iga t ion s on the InGaA söInP quan tum w ires, w e m easu red R SCM of an

array of quan tum w ires. T he sam p le is sta rted from the grow th of an InGaA s layer on InP

sub stra te by m eta lo rgan ic chem ica l vapo r phase depo sit ion ( M OCVD ). T hen it is pa t2
terned by pho to lithography on the sam p le su rface by the in terference of tw o coheren t H e2
Cd laser beam s. In the cou rse of pho to lithography, dry etch ing is em p loyed. T he expo su re

ligh t of a H e2Cd laser is devided by a beam 2sp lit ter in to tw o beam s. T hey are reflected by

the reflect ive m irro rs and then reach on the su rface of the specim en and in terfere to cau se

an expo su re of pho to2resist. T he w avelength of H e2Cd laser em p loyed is 352nm. A fter2
w ards, an array of quan tum w ires is fo rm ed by the etch ing p rocessing.

T he X2ray experim en ts are carried ou t by R igaku SL X21A diffractom eter w ho se 12kW

X2ray genera to r is RU 2200BH. A copper ta rget is u sed and X2ray w avelength is

0115405nm. T he Ge (004) asymm etric d iffract ion m onoch rom ato r is em p loyed as the first

crysta l. T he Si (220) d iffract ion is u sed as ana lyzer w h ich is m oun ted in the fron t of the

detecto r. In o rder to ob ta in R SCM , the independen t varia t ion of tw o scann ing angles Ξ
and 2Ηshou ld be fu lf illed. T he reso lu t ion of Ξ is 01005°and tha t of 2Ηis 01008°. T he em 2
p loyed vo ltage and cu rren t are 50kV and 150mA , respect ively.

In th is paper, X2ray dynam ic theo ry [ 5, 6 ] is u sed to sim u la te the R SCM of quan tum

w ires. It is u sua lly though t tha t X2ray dynam ic theo ry is on ly app licab le to the case of an

infin ite p lane, therefo re it seem s tha t it w ou ld no t be app licab le to the la tera lly co rruga ted

structu res such as quan tum w ires. Bu t if one layer of period ica l co rruga ted m u lt i2layer

st ructu re is regarded as an one2dim en siona l array of crysta l cells and its st ructu re facto r is

ca lcu la ted as a w ho le, the dynam ic theo ry shou ld be app licab le. Based on th is idea, a rect2
angle m odel is em p loyed fo r quan tum w ires. Suppo sing tha t the period and the w id th of

w ires are p and d , respect ively, the structu re facto r of one crysta l cell fo r (hk l) d iffract ion
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F hk l, s is show n below :

F hk l, s = ∑
j

f j e2Πi (hx j + ky j + lz j
) (1)

w here f j is the sca t tering facto r of the j 2th a tom in one crysta l cell and (x j , y j , z j ) deno tes

its po sit ion. Fo r (00h ) d iffract ion, the structu re facto r of w ires fo r one period F 00h, p is ca l2
cu la ted below :

F 00h , p = F 00h, s (1 + e2Πih a + e2Πih 2a + ⋯ + e2Πih [ d
a ]) (2)

w here a is the la t t ice con stan t and [
d
a

] deno tes the in teger part of quo t ien t of
d
a

. T he

structu re facto r of w ho le sing le layer Fw is show n below :

Fw = F 00h, p∑
∞

j= 0

2Πih jp

=
F 00h , p

1 - e2Πihp (3)

Fw is the structu re facto r u sed in dynam ic theo ry. T he th ickness of respect ive layer fo r

m u lt i2layer has been au tom atica lly included in the ca lcu la t ion of dynam ic theo ry. X2ray dy2
nam ic theo ry is su itab le fo r the trea tm en t of m u lt i2layer st ructu re. T herefo re, the above
m odel can dea l w ith quan tum w ires of m u lt i2layer st ructu re.

F ig. 1　22dim ensional recip rocal space con tou r
m app ing (R SCM ) of the quan tum w ire array

A cco rd ing to X2ray dynam ic theo ry, the to ta l reflect ive am p litude of (00h ) d iffrac2
t ion fo r a N 2layer hetero structu re, R h,N , T is:

R h,N , T = [R h,N + R h,N - 1, T (T h,N T h,N - R h,N R h,N ) ]ö(1 - R h ,N - 1, TR h,N ) (4)

w here R h,N and T h,N are reflect ive and

tran sm issive am p litudes of the N 2th

layer fo r (00h ) d iffract ion, respect ive2
ly.

In the cou rse of m easu rem en ts,

the d irect ion of w ires shou ld be ad ju st2
ed to be perpendicu lar to X2ray d iffrac2
t ion p lane. If the d irect ion of w ires is

para llel to the d iffract ion p lane, the

sa tellite peak s of w ires w ill no t appear.

T h is can be understood if X2ray d iffrac2
t ion of w ires is regarded as a m u lt i2slit

F raunhofer d iffract ion [ 6 ]. F ig. 1 is the

resu lt of experim en ta l R SCM of the

sam p le fo r (004) d iffract ion . W 0, W

±1 and W±2 deno te 02th, ±1st, and

361期　　　　　　　Q uan tum W ire A rray U sing T rip le2A xis X2ray D ifractom etry　　　　　　　



±2nd sa tellite peak s of w ires, respect ively. “S”is the peak of sub stra te and“A”is an ar2
t ifact, the so2ca lled“analyzer st reak”and w ill be neglected in the fu rther d iscu ssion s. It

can be seen tha t ±2nd sa tellite peak s of w ires ex ist a lthough they are very w eak. T he

R SCM can p rovide m o re info rm ation than the pat tern of doub le2ax is d iffract ion. A cco rd ing

to the spacing of sa tellite peak s of w ires a long the qy direct ion, the period of w ires can be

ob ta ined [ 7 ].

p = ûn1 - n2ûΚco s (Ηe) ö[∃Ηn1, n2 sin (2ΗB ) ] (5)

w here n1 and n2 deno te the n12th and n22th sa tellite peak s. Ηe is the angle betw een diffracted

beam and the su rface of sam p le. ΗB is the B ragg angle and ∃Ηn1, n2 is the spacing betw een n12
th and n22th sa tellite peak s. F rom F ig. 1 it can be decided tha t the period of w ires is 240

nm and the dep th of w ires does no t reach the su rface of sub stra te, o therw ise there shou ld

appear sa tellite peak s of w ires a long the qy direct ion around sub stra te peak addit iona lly.

F ig. 3　Sim ulated R SCM resu lt acco rding

to the dynam ic theo ry

　 　 In F ig . 1 there is a d ist inct sh if t of the 0 2 th sa tellite peak to the InP sub stra te peak

along the negat ive qz direct ion com paring w ith as2grow n sam p le. It show s tha t the perpen2
dicu lar st ra in in w ires has been changed after w ires are fab rica ted on the sub stra te su rface.

W e have also m easu red a pat tern of doub le2ax is d iffract ion. F ig. 2 ( see last page) is the

(004) d iffract ion pat tern of as2grow n InGaA s ep ilayer on InP sub stra te fo r com parison. It

is confirm ed tha t the ep ilayer is of h igh quality judged by the appearance of in terference

fringes. T he spacing betw een the peak of ep ilayer and sub stra te peak in F ig. 2 is 387 arc

second in stead of 610 arc second in F ig. 1. It ind ica tes tha t the stra in a long grow th direc2
t ion w ires becom es larger than tha t of

as2grow n sam p le, nam ely, the average

la t t ice con stan t becom es grea ter. It

can be understood becau se the stresses

a long bo th the grow th direct ion and

the d irect ion perpendicu lar to w ires af2
ter fab rica t ion of w ires are zero , i. e. ,

there are tw o free d irect ion s w h ile in

the as2grow n ep ilayer on ly the grow th

direct ion is free. T he fo rm ation of

w ires has changed the condit ion s of the

su rface system.

F ig. 3 is the sim u la ted R SCM ac2
co rd ing to the dynam ic theo ry. T he

sim u la ted dep th and w id th of w ires are

100nm and 110nm , respect ively.

T he param eters u sed in the sim u2
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la t ion are in acco rdance w ith the ob serva t ion s of scann ing electron ic m icro scope (SEM )

(F ig. 4, see last page). It is found tha t there is a good agreem en t betw een the experim en2
ta l and sim u la ted m app ing.

In summ ary, t rip le2ax is d iffract ion is a very u sefu l and im po rtan t m ethod and recip ro2
ca l space con tou r m app ing can supp ly u sefu l info rm at ion fo r the analysis of the structu ra l

p ropert ies of quan tum w ires m uch m o re than doub le2ax is d iffract ion pat tern, especia lly fo r

quan tum w ires. X2ray dynam ic theo ry is u sed to sim u la te the R SCM and a good agreem en t

betw een experim en t and sim u la t ion is ob ta ined.
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